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The instrumentation for the detection of high energy radiation is a field of 
technological interest which has developed rapidly in recent years.   It has only been over 
the course of the past century that the technological effort for the development of high 
energy radiation detectors has begun.  At the turn of the 19th century, the foundation for 
nuclear physics was beginning to be laid, while some of the first instruments for the 
detection of nuclear radiation were first being developed.   
One hundred years later, after the turn of the 20th century some of the first pixelated 
spectroscopic semiconductor detectors are being integrated into satellite systems for space 
exploration, CT scanner systems for nuclear imaging in medical applications, as well as 
many other high technology fields requiring high resolution spectroscopic devices operable 
under ambient conditions.  This increasing demand of solid-state spectrometers has initiated 
an international effort to develop large volume semiconductor materials for detector 
applications.  
Cadmium Zinc Telluride (Cd0.9Zn0.1Te, referred to as Cd(Zn)Te throughout this thesis) 
is one of the semiconductor compounds which has received the most attention for room 
temperature spectroscopic applications.   However, there still exist several challenges to 
obtaining large volumes of detector grade material for deployment in space-based or 
clinical-based applications.   
1.1 Introduction (English) 
The thesis is divided into four chapters, each with individual sub-sections.  The first 
chapter is an introduction and discusses the objectives of the thesis within the framework of 
the COCAE project, which has supported this work.  The second chapter discusses the 
experimental methods which have been implemented, as well as the experimental 
equipment which has been designed/built during the course of investigation.  The 
theoretical background of the characterization and measurement techniques is elaborated to 
some extent, based on how much each method has been used in this work. 
Chapters 3 and 4 represent the original results which have been obtained through this 
investigation.  Chapter 3 has been structured to first discuss crystal growth aspects 
including 1) material synthesis and melt homogenization, 2) development of new novel 
crucible materials for crystal growth, 3) the effects of temperature adjustments made during 
growth cycle, 4) the scaling of crystal growth capacity for growth of 50mm diameter ingots, 
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and 5) the development of a 2D model for simulation of the crystal growth process to 
explain observed experimental phenomenon. 
In Chapter 4, the emphasis is now the fabrication of radiation devices and 
improving/understanding their operation.  This chapter is broken up into sections which 
describe 1) surface preparation and electrode patterning processes 2) effect of surface 
morphology on leakage current 3) deep levels introduced by the fabrication process 4) 
effects of crystallographic twinning on the electrical properties of radiation devices and 5) 
asymmetry in CZT radiation devices related with the A-face and B-face surfaces. 
The appendix of the thesis discusses a separate project which has also been completed 
during this investigation, related with the design of a 30kW furnace for the growth of PV 
silicon. The furnace is currently under construction, and this chapter discusses the design 
considerations taken into account including electrode design, recirculating water system, 
linear motion systems, and crucible/insulation design. 
1.2 Introducción (Español) 
El primer capítulo sirve a modo de introducción y en él se analizan los objetivos de la 
tesis en el marco del proyecto COCAE, que ha apoyado este trabajo. El segundo capítulo 
describe los métodos experimentales que se han empleado, así como el equipo experimental 
que ha sido diseñado / construido durante el curso de la investigación. La base teórica de 
las técnicas de caracterización y medición se elabora en cierta medida, basado en la 
cantidad de cada método ha sido utilizado en este trabajo.  
Los capítulos 3 y 4 presentan los resultados originales que se han obtenido a través de 
esta investigación. El capítulo 3 se ha estructurado para discutir primero los aspectos de 
crecimiento de cristales, incluyendo 1) la síntesis de material y la homogeneización del 
fundido, 2) desarrollo de nuevos crisoles basados en materiales innovadores en el campo de 
crecimiento de cristales, 3) los efectos de los ajustes de temperatura realizados durante el 
ciclo de crecimiento, 4) el escalado de la técnica de crecimiento para la obtención de 
lingotes de 50 mm de diámetro, y 5) el desarrollo de un modelo en 2D para la simulación 
del proceso de crecimiento de los cristales que sirva como apoyo a la explicación de los 
fenómenos observados experimentalmente.  
El capítulo 4 está enfocado en la fabricación de dispositivos de radiación y la 
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nuclear imaging applications.  As can be seen from this table, some materials such as GaAs 
and PbI2 suffer from intrinsic material properties, other detector material such as Si are 
transparent to the higher energy X-rays due to its low Z value, whereas Ge requires liquid 
nitrogen cooling due to its low bandgap and correspondingly lower resistivity at room 
temperature. 
Table 1  Material properties of several candidates for X-ray and gamma ray detection. 







GaAs 31/33 5.32 1.43 4.2 Limited by native defects 
InP 49/15 4.79 1.35 4.2  
CdSe 48/34 5.8 1.73 -  
PbI2 82/53 6.2 2.55 4.9 Poor Charge mobility 
GaSe 31/34 4.55 2.03 4.5  
Ge 32 5.3 0.67 2.95 Requires LN2 cooling 
Si 16 2.3 1.11 3.62 Transparent to HEX-rays 
HgI2 80/53 6.36 2.13  R&D Stage 
Cd(Zn)Te 48/30/52 5.9 1.64 4.43-4.64 Growth & Cost 
Wide bandgap semiconductors offer the possibility for achieving compact radiation 
devices operable at room temperature, without the need for cooling to cryogenic 
temperatures.  This is due to the lower leakage current of the device under bias, which is a 
consequence of increasing separation between the valence and conduction bands.  
However, it is also important that the material have sufficiently high atomic number.  
Presented below in Figure 7 is a diagram illustrating the required material thicknesses of 
various semiconductor compounds for stopping a 60keV photon.     For these reasons, 
semiconductor compounds such as HgI2 and Cd(Zn)Te which are closest to being ideal 
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relatively low quantities (5).  Indeed, improvements in material synthesis and technological 
development of crystal growth are crucial to obtaining high quality high resistivity detector 
grade material.   
Furthermore, even though the crystal growth process plays such a fundamental role in 
determining the material properties of a device, there exist a wide range of competing 
technologies used for crystal growth.  These methods include, but are not limited to 
Horizontal and Vertical Bridgman (6) (7) (8) (9) (10), Vertical Gradient Freeze (11) (12), 
High Pressure Bridgman (13), Electro-dynamic Gradient Freeze (14), Travelling Heater 
Method (15) (16), Vapor Phase Transport (17) (18), Solid State Recrystallization (19), De-
wetted Crystal Growth (20), as well as several other modified furnace geometries and 
experimental arrangements (21) (22) (23).  In addition to this, the experimental geometries, 
the types of refractory materials used, and the crystal growth programs vary substantially 
between investigators using the same experimental arrangement.   
The physical size of the Cd(Zn)Te grown using each technique also varies substantially 
due to the different types of process restraints and growth rates achievable.  Presented in 
Table 1 are the physical dimensions of Cd(Zn)Te crystals which have been produced using 
methods which exhibit the most commercial viability.   
Table 2  Physical dimensions of Cd(Zn)Te crystals grown using different methods. 
Method Diameter Length Reference 
High Pressure Bridgman/EDG 140 mm >100mm (13) 
Travelling Heater method 100 mm 300 mm (24) 
Vapor Phase Transport 50mm 1-5 mm (18) 
 
There are also many challenges to producing functioning radiation devices from 
Cd(Zn)Te grown by any of the aforementioned methods.   Indeed, the experimental 
processes applied to device fabrication present substantial obstacles to achieving material 
suitable for spectroscopic applications. The methods used for electrical contact deposition 
and surface preparation, the electrode geometry, the operating mode of the device, as well 
as the electrical connections to the measurement circuitry all play an important role 
influencing the performance of the radiation detector. 
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1.5 COCAE Project- Compton Scattering Camera 
The objective of this thesis investigation was the development of detector grade 
Cd(Zn)Te crystals for spectroscopic gamma ray imaging.  Specifically, the material which 
was grown during this investigation was used for the development of a Compton camera in 
conjunction with a collaborative European project title COCAE. 
The COCAE project was intended to develop technologies for nuclear radiation 
detection and whose principle aim was the development of a portable instrument with the 
capacity for detection and identification of radioactive sources, with a range of meters.  
Using currently available technology, this kind of detection and identification is either time 
consuming, expensive, or error-prone.  Development of a Compton camera, a technology 
whose principles are inspired by high energy astrophysics, is intended to address these 
issues. 
  Examples where the speedy and accurate acquisition of such information is valuable 
apart from the case of a hypothetical terrorist attack are the melting of a strong radioactive 
sources in scrap metal refineries/recycling facilities, the theft of a radioactive source, or the 
dispersion of a radioactive substance due to malfunction of a nuclear power plant.  Other 
applications include 
 Border security & inspections (end users: Custom officers, Regulatory authorities) 
 Security and inspections at recycling factories (end users: Operators, Custom officers) 
 Nuclear waste management facilities and decommissioning of nuclear reactors (end 
users group: Operators of, Regulatory authorities) 
 Emergency response (end users: First response teams (fire brigade) 
Development of the Compton camera was a multi-disciplinary program which required 
the development of several technologies provided by separate institutions as shown in 
Figure 10.  Indeed, the organization of the COCAE project required the development of (i) 
high quality spectrometer grade crystals based on Cd(Zn)Te, (ii) electrode patterning 
technology for fabrication of pixelated devices, (iii) pixel electronic readout ASIC, (iv) 
bump bonding technology for bonding the pixelated device to the ASIC, (v) integrated 
camera housing, and (vi) source localization software for detection of distance, direction, 
and activity of radioactive sources.  Indeed, one of the objectives of the program was to 
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of a numerical model for simulation of the crystal growth process.  The development of this 
technology has laid the groundwork for obtaining large volumes of crystals required by the 
COCAE project. 
The fourth chapter provides a detailed description of the progress which has been made 
with respect to the fabrication of radiation devices based on Cd(Zn)Te.  The first section 
represents the investigation of state-of-the-art commercial detectors.  Specifically, four 
spectrometer grade planar radiation detectors were purchased and characterized extensively 
in terms of their electrical and optical properties.  This first study is intended to serve as a 
benchmark for reference to future investigations   
The original studies carried out in Chapter IV covers several topics including (i) the 
development of instrumentation and protocol for ingot slicing, wafer lapping and polishing, 
surface etching and cleaning, electrode deposition, and electrode patterning (ii) 
investigation of the effects of lateral surface morphology on radiation device performance 
(iii) the effect of structural defects and the introduction of new deep centers into semi-
insulating Cd(Zn)Te radiation devices (iv) the effects of crystallographic twinning on 
radiation detectors and (v) investigation of asymmetrical distribution of surface states 
present on oriented as well as non-oriented Cd(Zn)Te radiation devices. 
The general conclusions reached during the course of this investigation are 
summarized in the concluding remarks of each chapter. 
Finally, additional work which has been carried out during this thesis is presented in 
the Appendices. These additional works include the development of a 30kW Heat 
Exchange Method (HEM) furnace for the growth of poly-crystal silicon for PV 
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concentration and the lattice constant for semiconductor materials. Using the lattice 
constant data for ZnTe and CdTe (30) a lattice constant of 6.441Å for Cd0.9Zn0.1Te may be 
derived.   
Equation 3 ࢇ(࢞) = ࢇ૚(૚ − ࢞) + ࢇ૛ ∙ ࢞ 
 
As previously mentioned, the effect of incorporating Zinc into the CdTe crystal 
decreases the lattice constant of the material while increasing the bandgap energy.  This is a 
direct consequence of the smaller atomic radii of Zinc with respect to Cadmium.  Indeed, 
the higher bandgap energy leads to the possibility for achieving higher resistivity detector 
materials, as will be discussed later.  Furthermore, because of the higher binding energy of 
ZnTe with respect to CdTe, the lattice is strengthened which results in a higher shear 
modulus (see Table 3, page 37).  As a result, the addition of Zinc should correspond to 
lower dislocation densities and sub-grain boundaries.  This has been verified 
experimentally by (31). 
 
2.3 A-Face / B-face 
When taking into account the crystal structure of a material, it is important to also 
consider how the positions of the Cd and Te atoms in the lattice affect the surface 
properties.  Indeed, near the surface of the crystalline solid, the periodicity condition is no 
longer valid.  As a result, the free energy at the surface will depend to a large extent on the 
surface composition.   
For a CdTe wafer harvested along the (111) direction, one surface will terminate in 
primarily Te-atoms while the opposite surface will terminate in primarily Cd-atoms.  This 
asymmetric feature of the surface arises from the periodic nature of the unit cell constructed 
from two different atoms.  As a result, one surface will exhibit a more cationic nature, 
while the opposite surface will exhibit more anionic nature.  As may be seen in Figure 16, 
the surface which terminates in Te (anion) is referred to as the (111)B surface, while the 



































 of the cons
thens the cry













).  They hav
 bonded to 
metry in th
























ents (34).  
as a result o
gth is short
ns lower.  T
dulus.  In g
he hardness






















.  For exam
crystal pol












d.  The har
Pa – 1.42G
n for CdTe. 










n into the C
ng smaller t
 formation h












re Cd and 
ed here and



























Nano-hardness and elastic modulus were measured by Zhang et al (35) for Cd(Zn)Te 
as a function of orientation:  (111), (101), and (110) for Cd0.96Zn0.04Te and Cd0.9Zn0.1Te, to 
illustrate the effects of Zn on the Cd(Zn)Te.  As Zinc has a smaller electron radius than Cd, 
and because both elements are from the same IIb family of metals, the Zn-Te bond is 
stronger, resulting in higher hardness and elastic modulus.  The hardness values fall within 
the range reported by (34).  Presented below in Table 3 are some of the properties for CdTe 
and ZnTe reported in literature (36) and which have been discussed. 
Table 3 Mechanical properties of CdTe and ZnTe. 
Material Property CdTe ZnTe 
Hardness (kg/mm2) 55-145 90-225 
Bond Length 300K (nm) 0.6482 0.6103 
Band Gap at 300K (eV) 1.474 2.394 
Density (kg/m3) 5860 5650 
Shear Modulus (Nm-2) 1.83 μ 1010 2.86 μ 1010 
Bulk Modulus (Nm-2) 4.9μ 1010 6.18 μ 1010 





7.34 μ 1010 
3.68 μ 1010 
2.74 μ 1010 
 
9.98 μ 1010 
4.28 μ 1010 
4.04 μ 1010 
 
2.5 Stopping Power 
One of the principal advantages of Cd(Zn)Te as a detector for high energy radiation is 
its high average atomic number of Z≈50 which is associated with the ´´stopping power´´ of 
the material.  This property of Cd(Zn)Te leads to greater interaction between the lattice and 
incident radiation, resulting in a higher overall charge collection efficiency. 
Increasing atomic number of a material increases attenuation of high energy radiation, 
or stopping power.  From a detector standpoint this is of paramount importance in terms the 
number of interactions which take place within the detector of a given thickness.  Presented 
in Figure 17a is the attenuation coefficient for Cd(Zn)Te as a function of incident photon 
energy up to 0.5MeV.  For heavier nuclei such as HgI2 or TlBr, the attenuation coefficient 
is higher whereas for lighter nuclei such as Si or GaAs the attenuation is lower. In general, 
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2.6.2 Second Phase Inclusions/Precipitates 
Second phase particles in Cd(Zn)Te and how these crystalline defects affect detector 
performance have received a great deal of attention over the past two decades.  Indeed, 
these particles have been shown to have a strong impact on detector transport properties.  It 
is important however, to distinguish between the two major kinds of second phase particles 
found in Cd(Zn)Te.  Te-inclusions are larger second phase particles within the Cd(Zn)Te 
matrix, roughly several microns in diameter, originating from morphological instabilities of 
the growth interface.  Te-precipitates are smaller second phase particles which arise from 
the diffusion, segregation, and retrograde solubility of Te in the Cd(Zn)Te matrix.  
The formation of inclusions may be understood by taking into account crystal growth 
of Cd(Zn)Te has been carried out using Te-rich melts, where there is an excess of Te with 
respect to Cd.  As a result, within the molten Cd(Zn)Te liquid, there are particles or 
droplets of Te which become associated.  As crystal growth begins, these droplets of Te 
become trapped as the solid liquid interface propagates through the melt.  Indeed, 
inclusions originate at the growth interface as consequence of morphological instability in 
the growth process (47) (48) (49).  If we consider that the melting point of Te is close to 
450ºC, the Te-droplet must remain liquid throughout the growth process, until low 
temperatures are reached. 
Once the Te-inclusion is within the solid Cd(Zn)Te matrix, it is possible that the 
particle may break apart into smaller inclusions and diffuse throughout the Cd(Zn)Te ingot.  
In fact the proper choice of superheating and post-growth annealing conditions may be used 
to reduce the size of second phase inclusions.   
Presented Figure 22 are typical inclusions found in Cd(Zn)Te wafers grown in this 
work, and studied using EDS spectroscopy to confirm their elemental composition.  
Characteristic X-rays emitted by Cd, Zn, and Te, demonstrate that these inclusions contain 
no Cd, a small amount of Zinc, and are predominantly composed of Te. 
Not only the size, but also the density of Te-inclusions is important.  The diffusion of 
inclusions throughout the Cd(Zn)Te matrix is limited by structural features such as grain 
boundaries, sub-grains, and twin boundaries which may act as physical barriers hindering 
migration. It has also been demonstrated that Te inclusions may selectively getter 
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In the case of Cd(Zn)Te, dislocation fields may also be associated with the structural 
changes induced by second-phases such as Te-inclusions.  For larger diameter Te-
inclusions, the induced dislocation field extends far beyond the boundaries of the inclusion 
surface.  Using X-ray topography methods, the dislocation field surrounding a Te-inclusion 
has been investigated, to demonstrate the negative impact of both the inclusions and the 
associated dislocation field on electrical transport properties of the material (49). 
Dislocations may be generated due to thermally induced stress at the ampoule wall or 
even through the application of induced stress into the sample (60).  Thermo-mechanical 
strain induced by high thermal gradients during solidification and cool down are other 
possible sources for dislocations (11). 
The density of dislocations in Cd(Zn)Te material may be revealed by measurement of 
the etch pit density (EPD) following the etch for <111> oriented samples.  In the etching 
developed by Nakagawa (61), a correspondence between deformation induced dislocations 
observed in n-type CdTe and etch pits was revealed.    This etching measurement is one 
indicator of material quality as the presence of dislocations degrades detector performance.  
For a good quality sample, the EPD value is normally in the range of 103-104 cm-2.   
 
2.6.4 Voids & Pipes 
Void and pipe defects in Cd(Zn)Te are large macroscopic 3-dimensional defects with a 
hollow tubular shape, which can be large enough to be seen upon visible inspection.  It is 
possible that these defects are related to the trapping of Cd gas, due to fluctuations in the 
growth condition, and may be related with high growth rates.  Suppression of these defects 
can be achieved through correct choices of thermal profiles, crucible materials, and growth 
cycle, such as those presented in this thesis.  Presented in Figure 24 are some examples of 
void defects which were present in crystals grown at the start of this investigation, under 
growth conditions which had not yet been optimized.  Through implementation of 
controlled crystal growth rate and improved refractory materials, these defects were 
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higher concentrations of impurities and dislocations may diffuse.  Furthermore, the rotation 
of the crystal structure by 180º about the <111> direction also changes the direction of the 
Cd-Te electric dipole.  As a result, both faces of an oriented  <111>  sample may exhibit 
the A-face and B-face terminations as was discussed in 2.3 and was illustrated in Figure 
16. This feature of twinning in Cd(Zn)Te is investigated further in Chapter 4 Section 6. 
 
2.6.6 Grain Boundaries 
The 2-dimensional surface which divides two or more crystal volumes containing 
different crystallographic orientation may be referred to as a grain boundary.  Grain 
boundaries, in general, have the effect of decreasing the thermal and electrical conductivity 
of a material, a result of the boundary surface functioning as gettering sites for impurities, 
second phase inclusions, and dislocations. 
Grain boundaries may be classified into two different groups depending on the angle of 
orientation between the two grains.  Low angle grain boundaries (LAGB) occur when there 
is only a small angle between the two grains resulting from a small mis-orientation less 
than 10º.  The LAGB may be further sub-divided into two idealized classes: tilt grain 
boundaries and twist grain boundaries.  In the case of tilt grain boundaries, the orientation 
of the crystal is changed through the introduction of dislocations.  These dislocations 
reduce the energy of elastic deformation of the lattice, and provide a mechanism for 
changing the crystallographic orientation.  Twist grain boundaries may be formed by the 
coupling of screw dislocations resulting in a rotation of the crystallographic orientation by 
some angle.  These two cases are shown schematically in Figure 26 for Cd(Zn)Te.  High 
angle grain boundaries occur when there are much larger angles between the two grains and 
can induce larger concentrations of dislocations and crystalline defects as a result.   
For Cd(Zn)Te, these grain boundaries may be formed at the very early stages of growth 
wherein nucleation of several grains occurs, or later on due to instabilities at the growth 
interface.  Nucleation of more than a single grain may occur if the crystal is grown using 
high growth velocities, under high temperature gradients, or may also be a result of the melt 
convection and latent heat extraction properties.  Presented in Figure 27 is a Cd(Zn)Te 
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may be due to the weak bonding characteristics at the grain boundaries, or may be related 
to the higher concentration of impurities and dislocations found at these boundaries.  
Therefore, it is important that large enough single grains are grown to increase the detector 
volume which may be harvested.  In general, small grain sizes are one of the limiting 
factors prohibiting the fabrication of large volume detectors for radiation detection 
applications. 
2.6.7 Cracks 
Large macroscopic defects such as fissures and cracking may be associated with the 
thermal-mechanical stresses imparted by the ampoule, or the cool down phase.  As may be 
seen in Figure 27, cracking may propagate through an ingot due to excessively high 
densities of voids or inclusions.  Such high densities of voids near the ampoule wall may be 
indeed associated with the crucible material.  The ingot presented in Figure 27 was grown 
using a quartz ampoule such that the melt was in direct contact with the quartz.  
Furthermore, mechanical stresses imparted into the sample during post-growth processing 
such as ingot slicing, dicing, grinding, and polishing also may induce cracking.  Through 
appropriate choices of growth temperatures, crucible materials, and cooling, these defects 
have been systematically eliminated. 
2.7 Electrical Properties 
In the following section, the electrical and optical properties of Cd(Zn)Te will be 
developed.  The purpose of this section is to introduce the properties of Cd(Zn)Te which 
make this material suitable as a for applications requiring room temperature gamma ray 
spectroscopy.  For these reasons, concepts related with band structure, density of states, and 
the Fermi distribution functions will be developed to underline the concepts pertinent to 
achieving semi-insulating material. 
2.7.1 Band Structure  
In crystalline solids, electrons and holes are confined to bands.  These bands are 
formed through the splitting of atomic energy levels and may be described by the Pauli 
exclusion principle as the isolated atoms are brought together to form a system.  The total 
number of quantum states does not change as the crystal is formed.  However, because each 
electron must have a unique set of quantum numbers, the discrete atomic energy levels 
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The band structure of a crystalline solid refers to the energy-momentum relationship 
and may be obtained by solving the Schrodinger equation of an approximate one-electron 
problem. Because the electrical potential V(r) is periodic with the lattice, the solutions take 
the general form of periodic Bloch functions Equation 7.  Using this convention, any 
momentum k may be reduced to some point in the Brillouin Zone.  
 
Equation 6  ቂ ℏ૛૛࢓ સ૛ + ࢂ(࢘)ቃ ࣘ࢑(࢘) = ࡱ࢑ࣘ࢑(࢘) 
Equation 7  ࣘ࢑(࢘) = ࢋ࢐࢑∙࢘ࢁ࢔(࢑, ࢘) 
 
The most simplified 1-D model used for generating the band structure of crystalline 
solids using an idealized quantum-mechanical system is the Kroenig-Penney model.  This 
model consists of an infinite array of potential barriers with period a and potential barrier 
width b.  Using the Bloch functions to evaluate the Schrödinger equation in 1-D, the 
solutions to the Schrodinger equation will take the general form of Equation 8, where 
ߙଶ = 2݉ܧ/ℏଶ and ߚ=ߙଶ − 2݉ ଴ܸ/ℏଶ. 
 
Equation 8  
࢛૚(࢞) = ࡭ࢋ࢏(ࢻି࢑)࢞ + ࡮ࢋି࢏(ࢻି࢑)࢞
࢛૛(࢞) = ࡯ࢋ࢏(ࢼି࢑)࢞ + ࡰࢋି࢏(ࢼି࢑)࢞
  
 
Taking into account the periodic boundary conditions of the problem, 4 sets of 
equations can be used for solving four unknowns, namely the coefficients. A,B,C, and D.  
In general, a non-trivial solution will exist if the determinant of this 4 x 4 linear 
combination of equations equals zero i.e. if the equations are linearly independent.  
Evaluation of this determinant, and working under the assumptions that 1) ܾ → 0, ܸ → ∞, 
and ܸ ∙ ܾ → ݂݅݊݅ݐ݁  leads to the analytical relationship presented in Equation 9 (64).  It is 
important to realize that this relationship sets forth the values for k and α which may be 
used to obtain a real solution to the Schrodinger equation.  This relation is plotted in Figure 
29.  When the left had side of Equation 9 is equal to the right hand side, the k and α 
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The Schrodinger equation is then cast in the form of a secular determinant shown in 
Equation 10, using the Bloch functions ߰(݇) which have been constructed using the 
atomic orbitals, ߶௠,௝, as a basis to construct an N x N matrix, and solving for the 
coefficients ܥ௠,௝.   It is important to notice that for the 3-D case, there are 8 sets of basis 
functions, associated with the electrons in the s, px, py, and pz orbitals each with spin up and 
spin down configurations.  More details on this method are presented in (64).   
 
Equation 10 ห〈ࣘ࢓∗,࢐∗|ࡴ − ࡱ| ࣒(࢑)〉ห = ૙  
Equation 11 ࣒(࢑) = ∑ ∑ ∑ ࡯࢓,࢐૛࢐ୀ૚૝࢓ୀ૚ࡾ ࣘ࢓,࢐൫࢘ − ࢘࢐ − ࡾ࢏൯ࢋ࢏࢑ࡾ࢏  
 
In the Tight Binding Method (TBM), however, the approximation assumes degeneracy 
of the electron spin.  As a result, the band-structure calculated using the TBM will show 6-
fold degeneracy at the top of the valence band including the effects of spin.  It is well 
known that for essentially all semiconductors, the top of the valence band is 4-fold 
degenerate with another band displaced by a small energy below the valence band edge.  In 
Silicon, for example this displacement is the smallest of all semiconductors being only 
0.044eV, whereas for III-V semiconductors this spin-orbit splitting can reach as high as 
0.82eV for InSb (64).   
The electron-spin provides a means for the valence electron of the orbital to interact 
with the magnetic field produced through its orbital motion.  For essentially all 
semiconductors, the top of the valence band is primarily p-type states, and so the spin-orbit 
coupling is expected to have a stronger affect in this region (as opposed to the s-type states 
in the conduction band).  In the case of Cd(Zn)Te, the upper valence edge would 
correspond to the Tellurium bonds, whereas the lower conduction band edge would 
correspond to the Cadmium orbitals. 
Presented in Figure 30 is the band structure for CdTe calculated using the k∏p and 
pseudo-potential methods (66) (67).  For both methods, the bandgap occurs at the high 
symmetry point Г, and exhibits a direct gap character.  Splitting of the heavy and light 
holes about Г is evident for the k∏p method.  The exact position of the valence band edge, 
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where V represents the physical volume of the potential well with dimensions. aμbμc.  As 
can be seen in Equation 14, increasing the diameter of the Fermi-sphere increases the total 
number of states, as does decreasing the size of the potential well.  The factors 2 and 1/8 
represent multiplicative factors to account for electron spin, and to reduce the volume of the 
sphere to octet sections to remove redundancies.   
 







૜࣊૛   
 
If the electron density of a material is known, the Fermi level of the material may be 
derived using Equation 15 in conjunction with the derived Fermi-sphere radius.  The term 
݊ represents the known electron density. 
 
Equation 15  ࡱࢌ = ℏ
૛
૛࢓ ∙ ࢑ࢌ






The Density of States function G(E) is defined as the number of states per energy, per 
unit volume.  This relation is expressed in Equation 25, where the chain rule has been 
used.  Applying this relation to a semiconductor requires substituting the effective mass m* 
for m, and the Energy term for the near band edge E = E- Ec.  This gives the total number 
of allowed states per unity energy and volume in a semiconductor.  Presented in Equation 
16 is the density of states for the conduction band energies (64) (68). 
 
Equation 16  















=  ࢓√૛࢓ℏ૜࣊૛ √ࡱ               
=  ࢓∗√૛࢓∗ℏ૜࣊૛ ඥࡱ − ࡱࢉ   
    
 
It is not enough, however, to have the density of states to describe the occupation of 
bands by electrons.   Indeed, the DOS function only provides information regarding the 
57 
 
number of states available for electrons to occupy.  Indeed, the number of ways (Wi) a 
given number of electrons (Ni) may occupy a given number of states (Si) with distinct 
energies (Ei) plays a fundamental role in determining the temperature dependent optical and 
electrical properties of a material.  This relationship may be expressed for a single energy 
level using the statistical relationship presented in Equation 17 (64). 
 
Equation 17  ࢃ = ࡿ࢏! (ࡿ࢏ − ࡺ࢏)!  ∙  ࡺ࢏⁄  
 
When more than one level is considered, the number of ways the electrons may be 
organized increases as the product of the Wi factors.  Taking the natural log of each side of 
the equation produces Equation 18. 
 
Equation 18  ࢒࢔(ࢃ) = ∏ ࢒࢔ሾࢃ࢏ሿ࢏ = ∑ ࢒࢔ሾࡿ࢏!ሿ࢏ − ࢒࢔ሾࡿ࢏ − ࡺ࢏!ሿ − ࢒࢔ሾࡺ࢏!ሿ 
 
Using Stirling´s approximation which states ln(x!)  x∏ln(x) +1, the chain rule which 
states d/dx(x∏ln[x]) = ln[x]+1, and the relation d∏ln[x])= dx/x, and after differentiation with 
respect to the number of electrons Ni, Equation 19 is obtained,. 
 
Equation 19  
ࢊ(࢒࢔ሾࢃሿ) ࢊࡺ࢏ൗ   =    ∑ ࢒࢔ሾࡿ࢏ − ࡺ࢏ሿ − ࢒࢔ሾࡺ࢏ሿ࢏
          =   ∑ ࢒࢔ ቂࡿ࢏ࡺ࢏ − ૚ቃ࢏
 
 
The probabilities to this point, describe the total number of permutations of available 
electrons and states.  However, taking into account that we are searching for real physical 
solutions, we would like the solution which is most probable.  Therefore we want to 
maximize the total number of ways (Wi) the electrons can be organized to give the same 
solution, with respect to the total number of electrons.  This is a simple maximization 
problem and is determined by setting Equation 19 equal to zero.  Introducing 
undetermined multipliers of the form found in Equation 20, taking into account the real 
physical properties of our system (constant number of electrons and total system energy) 
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and by applying these constraints using Equation 21, the statistics of occupation now 
require that Equation 22 be satisfied for all i. 
 
Equation 20  ∑ −ࢻ ∙ ࢊࡺ࢏࢏ = ૙ ∑ −ࢼ ∙ ࡱ࢏ࢊࡺ࢏࢏ = ૙ 
Equation 21  ∑ ࡺ࢏࢏ = ࢉ࢕࢔࢙࢚ࢇ࢔࢚ → ࢊ ∑ ࡺ࢏࢏ࢊࡺ࢏ = ૙ 
ࢊ ∑ ࡱ࢏ࡺ࢏࢏
ࢊࡺ࢏ = ૙ 
Equation 22  ࢒࢔ ቂࡿ࢏ࡺ࢏ − ૚ቃ − ࢻ − ࢼ ∙ ࡱ࢏ = ૙ 
 
Equation 23 may be satisfied by the Fermi function which describes the relationship 
between the number of available levels, the number of electrons in the system, and the 
thermal energy associated with temperature.  This function is expressed in Equation 22, 
where ߙ = ܧ௙ ݇ܶ⁄  and ߚ = 1 ݇ܶ⁄  (64) (68) . 
 
Equation 23  
ࡿ࢏




The DOS function has been derived for electrons in the conduction band (Equation 
16) and may also be derived for holes in the valence band, taking into account the larger 
effective mass of holes.  Furthermore, using Equation 23 the occupation statistics for 
electrons has been derived.  Using these two equations together, precisely how the electrons 
and holes populate the conduction and valence bands may be determined for Cd(Zn)Te.   
Presented in Figure 31a are the effects of temperature and Fermi level position on the 
occupation statistics.  With increasing temperature, the probability that electrons will 
occupy energy levels greater than the Ef  increases, which can be seen by higher occupation 
probabilities for energies larger than the Fermi level.   
For a fixed temperature (i.e. 300K) increasing the Fermi level position within the 
bandgap also raises the energy of the highest occupied energy as can be seen from Figure 
31b.  Figure 31c illustrates how for semi-insulating materials such as Cd(Zn)Te, the 
valence band  is fully occupied and the conduction band is empty when the Fermi level is in 
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collection of photon-generated carriers, which ultimately limits detector performance. If 
there is a considerable amount of charge loss occurring in the detectors, it will ultimately 
reduce the energy resolution of the device.  One of the factors affecting charge collection in 
Cd(Zn)Te radiation devices is the charge mobility. 
Starting from equilibrium, the distribution of electrons within a semiconductor may be 
described using the Fermi-Dirac distribution presented in Equation 22.  Changes in this 
equilibrium may give rise to changes in the occupation statistics as a result of several 
factors including (1) electron diffusion through the material (2) electron drift due to an 
external electric field or (3) scattering of the electrons.  These changes in equilibrium may 
be represented using Equation 28, where ࢌ૙ represents the equilibrium distribution.  The 
first term−ݒ௞∇௥݂଴ represents the diffusion of electrons due to a spatial gradient, ∇௥, in the 
distribution function, while the  ௘ℏ (ࡲ + ࢜࢑ × ࡮) term represents electron drift under the 








ࢊ࢚ ቚ࢙ࢉࢇ࢚࢚ࢋ࢘࢏࢔ࢍ = ૙  
⟹ −࢜࢑સ࢘ࢌ૙ −
ࢋ





The distribution function ࢌ࢑ is the distribution after some event has occurred, 
producing a change in the occupation statistics of the energy levels.  This distribution 
function is equal to the equilibrium distribution ࢌ૙ plus some perturbative factor ࢍ࢑.  This 
perturbative approach is used taking into account a uniform temperature across an infinite 
crystal to determine this distribution function ࢌ࢑.  
It is important that the scattering induced change in the equilibrium distribution 
function has an exponential form such that the perturbation decays following some time 
constant t (referred to as the relaxation time).  This relation may be expressed as follows in 












Using this relationship, it may be shown that the distribution function follows 
Equation 30 (or represented in k-space in Equation 31) (64) 
 
Equation 30 ࢌ࢑ = ࢌ૙(ࡱ − ࢋ ∙ ࣎ ∙ ࢜࢑ ∙ ࡲ) 
Equation 31 ࢌ࢑ = ࢌ૙(࢑ − ࢋ ∙ ࣎ ∙ ࡲ ℏ⁄ ) 
 
These changes in the occupation statistics caused by diffusion, an external applied 
field, or scattering effectively shift the equilibrium distribution by some vector quantity in 
k-space (݇ − ݁ ∙ ߬ ∙ ܨ ℏ⁄ ).  Indeed, when an electric field is applied to a semiconductor, the 
relationship between the effective mass of the electron/hole and the time constant of the 
perturbation event gives rise to the electron mobility parameter.  This change in the 
momentum is described by Equation 31.  The factor − ݁ ∙ ߬ ݉∗⁄  represents the mobility of 
the electron when an external applied electric field (64).   
 
Equation 32 ࣔ࢖ = ℏࣔ࢑ = −ࢋ ∙ ࣎ ∙ ࡲ ࢓∗⁄   
 
For a n-electron system, under an external electric field, F, this gives rise to a current 
density which is described by Equation 33.  
 
Equation 33 ࡶ = ࢔ ∙ ࢋ૛ ∙ ࣎ ∙ ࡲ ࢓∗⁄  
 
It is important to comment that the effect of introducing acceptor/donor impurities, or 
crystallographic defects into the material will increase the scattering or in the relaxation 
time constant.  This will decrease the mobility of the electrons/holes, and degrade the 
electrical properties.  From the perspective of transport properties, it is important that high 
purity starting materials are used, and crystallographic defects are minimized.  
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2.8.1 Mobility Lifetime Product 
Indeed, the mobility of electrons and holes in semiconductor devices used for x-ray 
and gamma spectroscopy is a fundamental figure of merit.  This parameter is often 
determined in conjunction with electron/hole lifetime by measuring the change in the 
photo-peak position of alpha particles as a function of bias voltage.  Using the Hecht 
equation, which is presented in Equation 34, the charge collection efficiency, Q*, at the 
anode/cathode may be related to the velocity (ν) and lifetime (τ) of the electrons and holes 
generated at a distance xi from the anode of a Cd(Zn)Te detector of thickness W.  In the 
case of planar test device geometries such as those used in this work, the charge induced on 
the surface of the anode and cathode is equal.  This electron lifetime-mobility may be 
determined for using alpha particles which are strongly absorbed at the surface, to eliminate 
the contribution from holes and to eliminate variance in the depth of interaction parameter, 
W. 
 
Equation 34 ࡽ∗ = ࢋࡺ૙ ቂ࢜ࢎ࢚ࢎࢃ ൫૚ − ࢋି࢞࢏ ࢜ࢎ࢚ࢎ⁄ ൯ࢊ࢞ࢋ +
࢜ࢋ࢚ࢋ
ࢃ ൫૚ − ࢋࢃି࢞࢏ ࢜ࢋ࢚ࢋ⁄ ൯ቃ 
 
Factors effecting the CCE of a radiation detector can be attributed to structural in-
homogeneities (grain boundaries), point defects (vacancies or interstitials which behave as 
acceptors/donors), second phase inclusions, or deep levels introduced by impurities in the 
crystal.  Despite the advantages, Cd1-xZnxTe solid solutions have lower homogeneity and 
more kinds of structure defects than CdTe.  
Imperfections in the crystalline structure exhibit electrical activity and may be 
responsible for changes in the density of free carriers.  The concentration of free carriers 
represents a source of electrical noise in a device under electronic bias, and essentially 
decreases the energy discrimination of X-ray and gamma-ray radiation and other uncharged 
and charged particles. 
Presented in  
Table 5 are electrical properties for Cd(Zn)Te grown by High Pressure Bridgman 
technique from (48).  It is fairly accepted that the electrical properties of as-grown material 
are affected strongly by the growth technique.  It has been claimed that while crystals 
grown by traditional Bridgman and Vertical Gradient Freeze techniques may have better 
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structural characteristics, while the important values for the electrical resistivity and 
gamma-ray response for these crystals are lower (73).  
 
Table 5 Typical electrical properties for Cd0.9Zn0.1Te grown by High Pressure Bridgman technique, data 
adapted from (48) 
Property Nominal Actual 
Zn Composition (%) 10 5-13 
Band gap RT (eV) 1.56 1.53-1.58 
Resistivity (x1010 Ω-cm) 3.0 1.7-4.0 
Intrinsic carrier concentration (x105 cm-3) 2.0 1.0-4.0 
µτe (x103 cm2/V) 2.5 0.5-5.0 
µτh (x103 cm2/V) 2.0 0.2-5.0 
  
2.8.2 Electrical Compensation  
In real crystals, to achieve high resistivity Cd(Zn)Te material suitable for gamma ray 
spectroscopy applications, electrical compensation of the material is required to achieve 
charge neutrality.  This is due to several factors, including both extrinsic factors such as the 
purity of starting materials as well as intrinsic factors including point defects in Cd(Zn)Te. 
While the purity of starting materials has advanced significantly over the past 20 years, 
the highest quality material input is only 7N pure (99.99999%), which is considered low 
when compared with the purity which can be obtained with Si 12N pure (99.999999999%).  
Indeed, this purity level in Cd(Zn)Te is determined by the net concentration of impurities 
not exceeding 100ppb. Spectroscopic methods such as Glow Discharge Mass Spectroscopy 
may be used for this determination of material purity.  As a result, there exists a 
background concentration of impurities which may act as either an acceptors or donors.  
This behavior of the impurities has the effect of moving the Fermi level of the 
semiconductor, and can change the electrical properties of the material substantial.  One of 
the major challenges of this thesis has been to obtain high resistivity material suitable for 
detector applications. 
Indeed, when impurities are introduced into a crystal, the Fermi level must change to 
preserve electrical neutrality.  The total number of ionized donors and acceptors is again 
determined using the Fermi-Dirac distribution function, presented in Equation 35.  In these 
equations, a degeneracy factor, g, is used.  For acceptors, which are located above the 
valence band and interact with the holes, this degeneracy factor is 4, due to the degeneracy 
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of the VB at k=0, and the up-and down spin electron configurations.  For donor levels, the 
degeneracy factor is 2.  As an illustrative example, acceptor impurities introduced in a 
concentration of 1 μ 1015 at/cm3 into the crystal lattice, and producing a level with 
activation energy ܧ௔ = ܧ௩ + 0.2ܸ݁ in the bandgap at 300K, would produce 1.6 μ 107 
ionized acceptors.  In the case of donors, using the same concentration and activation 
energy would correspond to 2 μ 106 ionized donors. 
 
Equation 35  
ࡺࢇି = ࡺࢇ ૚૚ାൣࢍష૚∙ࢋ࢞࢖൫ࡱࢇିࡱࢌ ࢑ࢀ⁄ ൯൧
ࡺࢊା = ࡺࢊ ૚૚ାൣࢍ∙ࢋ࢞࢖൫ࡱࢊିࡱࢌ ࢑ࢀ⁄ ൯൧
 
 
In order to fulfill the electrical neutrality condition in an n-type semiconductor (such as 
those investigated in this work), the total negative charge must be equal to the total positive 
charge present in the material.  This relation is presented in Equation 36, for donor 
impurities added to crystalline solid.  The terms on the left hand side of the equation 
represent the total number of electrons, whereas the terms on the right hand side of the 
equation represent the total number of ionized donors and the total number of holes.  For a 
given set of Nc, Nd, Nv, Ec, Ed, Ev, and T, the Fermi-level of the semiconductor may be 
determined (69). 
 
Equation 36 ࡺ࡯ ∙ ࢋ൫ࡱ࡯ିࡱࢌ ࢑ࢀ⁄ ൯ = ࡺࢊା ૚૚ାൣࢍ∙ࢋ࢞࢖൫ࡱࢇିࡱࢌ ࢑ࢀ⁄ ൯൧ + ࡺࢂ ∙ ࢋ
൫ࡱࢌିࡱࢂ ࢑ࢀ⁄ ൯ 
 
When impurity atoms or donor/acceptor defects are introduced into the crystal, the law 
of mass action is retained such that the product n∏p remains constant.  Crystallographic 
defects such as Vcd or TeCd sites present in the as-grown material are on the order of ~1014 
cm-3 and contribute significantly to the electronic properties of the bulk i.e. decreasing 
carrier lifetimes, mobilities, and overall charge collection at the detector level.   
One approach to obtain high resistivity material is to attempt control the compensation 
of deep and shallow acceptors.  Compensation doping is a technique used for counteracting 
the deleterious effects of native defects to achieve electrical neutrality.  Using this 
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approach, the resistivity of the material may be controlled by adjusting the net carrier 
density and pinning the Fermi level near the mid-gap.  This may be accomplished by using 
a precise amount of a specific dopant to establish a balance between shallow and deep level 
impurities (74). 
 
2.8.3 Compensation of Native defects  
Cd vacancies (VCd) are the dominant native shallow acceptor defect (sA) with a 
concentration ~1011 – 1015 cm-3 in Cd(Zn)Te, depending to a large extent of the 
experimental methods.  This particular defect plays an important role in the electrical 
compensation and carrier trapping in Cd(Zn)Te.  When the Vcd is paired with shallow 
donors (sD), they form a complex named the “A-center”.  
The shallow donors (sDs) are located just below the conduction band.  Possible donors 
in Cd(Zn)Te are include elements from group IIIA (Al, Ga, In) which occupy Cd sites, and 
group VIIA (Cl, Br and I) which occupy Te sites (75) (76).  These sDs form complexes 
with the shallow acceptors (sAs) such as VCd, to form A-centers.  Shallow acceptors, 
located above the valence band include from group IA (Li, Na and K) which occupy Cd 
sites and from group IB (Cu, Ag, Au) which occupy Te sites.  
Increasing the concentration of A-center complexes to reduce the deleterious effects of 
VCd is one approach to achieving high resistivity material.  Indeed, the A-centers are too 
shallow at Ea= Ev + 0.1-0.2 eV to strongly affect the occupation statistics of the deep levels 
(77).   The In atom (shallow donor) is used to fill the VCd-2 (shallow acceptor).  One 
mechanism for electrical compensation that has been proposed is the following (78) (50) 
(79).  First, the Indium dopant is attracted to a doubly ionized Cadmium vacancy 
 
1  In + VCd-2 = InCd+ + 3e- 
Where InCd+ is now an ionized shallow donor.  Second, the shallow Donor InCd+ 
attracts one VCd-2 shallow acceptor, to form an acceptor complex:  
2    InCd+ + VCd-2 = [InCd+VCd-2]-  
Finally, an electrically neutral complex is formed. 




It is in this third step where the acceptor complex and the neutral complex are 
responsible for the compensation effect in Cd(Zn)Te.  This coupling helps reduce the 
problematic effect of cadmium vacancies. 
 
3 CHAPTER SUMMARY 
This chapter has presented the historical development of radiation devices over the past 
several decades, and has emphasized the importance of semiconductor based radiation 
devices.  The advantages of Cd(Zn)Te as a radiation device have presented which include 
high resistivity, room temperature operability, and high density and stopping power.  The 
challenges to producing detector grade material have also presented, which include the 
suppression of deleterious point defects, crystallographic defects such as dislocations and 
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In order to demonstrate real improvements made in crystal growth and detector fabrication, 
it was necessary to develop both crystal growth technology as well as device processing 
protocol.  Moreover, both the methods and equipment which have been developed through this 
investigation required intense study in order to evaluate their relative merits.   To develop a 
deeper understanding of the experimental methods which have been implemented throughout 
this thesis, a description of each the technology and characterization methods which have been 
implemented are presented.    
 
This chapter is divided into three sections based on these three important experimental 
approaches undertaken in this work.  The first section describes in detail the design, construction, 
testing of furnaces and furnace components used for crystal growth of Cd(Zn)Te.  Due to the 
importance of the measurements, spectroscopic gamma ray measurement considerations applied 
to Cd(Zn)Te is discussed in the second Section.  The third section presents technical summaries 
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characteristic to take into account for Kanthal electrodes.  Also, the material is very brittle at low 
temperatures meaning that mechanical vibrations or excessive amperage may create forces 
sufficient to rupture the elements.  Indeed, at low temperatures the vibrations of the Kanthal coils 
associated with the applied AC voltage was notable, and power outputs substantially lower than 
100% were used. 
Presented below in Figure 6 is the 3D CAD design of the VGF furnace, which has been 
designed, built, tested, and implemented in this investigation.  Similar to the VGF-1 furnace, the 
mechanical system incorporated several elements for process control including type-S 
thermocouples for temperature control, a linear actuation column for vertical displacement of the 
ampoule, as well as coupling to a DC motor for rotational stirring of the melt.  One of the 
differences was that an extra furnace zone was introduced to provide the capability for Cd-over-
pressure control.   
The control of the furnace was achieved using software and hardware developed at 
SEGAINVEX in conjunction with the electrical cabinet presented in Figure 7.  The various 
elements comprising the electrical cabinet used for controlling the furnace temperature include 
six 1kW single phase transformers, (6) thyristor units, used in conjunction with two Eurotherm 
temperature controllers, connections for thermocouple terminations, communication ports, and 
circuit breaking elements.  All of this hardware is housed in a rigid steel enclosure with 
protective slotted panels which also provide convective cooling of the transformers. 
The Graphical User Interface (GUI) for controlling each furnace was developed by 
SEGAINVEX as an interface between the crystal grower and the Eurotherm temperature 
controller.  Additional software for controlling the positioning and rotation of the ampoule was 
also developed, but is not presented here. Presented in Figure 8 is the VGF-2 GUI which 
provides the capacity to program each of the temperature ramps for each zone of the furnace.  
The output power of each zone at a given temperature is also actively measured and may be 
displayed in one of the windows.  This information regarding output powers is useful for the 
development of simulation models of the crystal growth cycle and estimation of heat transfer 
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favorably to growth conditions i.e. facilitate the extraction of latent heat arising from the crystal 
growth process.  Several prototypical furnace pedestals were fashioned from quartz and stainless 
steel components.  Shown below in Figure 12 are the pedestals fabricated for both the VGF-1 
and VGF-2 growth furnaces.   
The stainless steel component was specifically designed for coupling of the DC motor to the 
quartz pedestal.  This coupling was achieved using a 50mm stainless steel rod, with two O-ring 
grooves for alignment, the ampoule’s deviation from the axis of rotation was  limited by the 
intrinsic straightness of the Quartz ampoule.   
Alumina wool refractory and smaller diameter quartz tubes were layered to provide a robust 
support structure.  A sintered silicon carbide (SiC) rod was also integrated into the pedestal.  The 
incorporation of the SiC pedestal was intended to increase the thermal gradient and axial heat 
flow during the growth process and more details on this behavior are presented in Chapter 3 
Section 7. 
The quartz pedestal was mounted to a vertical linear actuator using a custom motor housing 
block.  A DC motor within the housing provided ampoule rotation both clockwise and 
counterclockwise.  The entire vertical actuation system was mounted to a granite anti-vibration 
table in order to minimize vibrations transferred from the external environment to the solid-
liquid interface of the crystal growth.  Shown below in Figure 13 are the vertical 
translation/rotation components of the VGF-1 furnace, with the furnace pedestal inside the 
furnace.  In this photograph,  the insulation covering the bottom of  the furnace has been 
removed.  A similar vertical actuation/rotational system was also incorporated into the VGF-2 
system. 
Shown below in Figure 14 are images of the two types of pedestals which have been used in 
this thesis investigation.  In both VGF systems (VGF-1 and VGF-2), the thermocouples used for 
measuring temperature gradients were located circumferentially around the sealed ampoule, and 
distributed about the axial direction.  A micrometer accurate to 0.01mm was used for locating 
each thermocouple vertically, while each thermocouple was fixed into place using a high 
temperature silicate paste.  The quartz pedestal was the first type of pedestal investigated due to 
its compatibility with high temperatures.  The SiC pedestal was further investigated due to its 
high thermal conductivity properties, and for increasing the temperature gradient at the first to 
freeze tip.  These properties of SiC are further discussed in Chapter 3, Section 6 and 7. 
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2.3 Development of Vacuum Carbon Coating System 
In Bridgman and Vertical Gradient Freeze (VGF) crystal growth techniques, it is common to 
use a sealed quartz ampoule for charging Cd(Zn)Te.  To prevent interaction, sticking, or 
diffusion of chemical impurities between the quartz ampoule and the Cd(Zn)Te melt, different 
methods exist.  One of the most commonly used methods is to deposit a layer of carbon on the 
quartz surface.   
The reaction between Cadmium Oxide (CdO) and Silicon in the sidewall is favorable to the 
formation of cadmium metal-silicate (CdSiO3).  During the carbon deposition at elevated 
temperatures, the carbon layer actually functions to getter any excess O2 and H2O.  As a result, 
the carbon layer physically prevents CdO from contacting the inner ampoule wall (1).  
Furthermore, the carbon layer functions as a mechanical barrier and prevents impurities from the 
quartz from diffusing into the melt during growth. 
The carbon layer is typically quite thin however, on the order of microns, and there is some 
doubt whether or not this carbon layer effectively blocks impurities from the quartz from 
diffusing into the ingot.  In fact a typical growth cycle is on the order of 200 to 300 hours at 
temperatures above 1100ºC which makes the diffusion of impurities into the melt quite possible.    
To eliminate these potential sources of impurities from the growth process, it was necessary 
to 1) study the current state of the technology in the laboratory and 2) improve the carbon 
coating technology using a vacuum carbon coating system.  Finally, it is important to also 
mention here that this vacuum coating system has also been used for carbon coating of pBN 
crucibles.  This new crucible material shows considerable promise as is discussed in Chapter 3, 
Section 3.   
2.3.1 Open Carbon Coating System 
To prevent diffusion and species migration from the crucible to the Cd(Zn)Te charge, a layer 
of carbon can be used to coat ampoule or crucible walls using a method of pyrolytic carbon 
coating.   This technique is used to create a thin carbon barrier between the crucible wall and 
charge.  The production of carbon from hydrocarbon molecules can be described using the 
following equation.   
Equation 2  ૛ ∙ (࡯ࡴ૜)૛࡯ࡻ  
ࡴࢋࢇ࢚ ሱۛ ሮۛ   ૟ ∙ ࡯ + ૛ ∙ ࡴ૛ࡻ + ࡴ૛ 
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This pyrolysis can be accomplished experimentally in several ways.  One simple method is 
to place an open quartz ampoule directly into a furnace which is maintained at a temperature of 
1000oC.  After a short time when the temperature inside of the ampoule is relatively uniform, a 
small amount of acetone (~40-100μL) may be dropped into the quartz ampoule using a micro-
pipette.  Almost immediately, the carbon atoms of the acetone molecule deposit a carbon layer 
on the wall of the quartz ampoule (substrate) also producing hydrogen gas.  It is important to also 
comment that carbon flakes also form as a result of the cracked acetone molecule not nucleating 
on the surface of the ampoule, but in the air.  An experimental schematic for this simple 
approach is presented in Figure 15. 
The open tube technique has many experimental drawbacks.  First, there are many sources 
of contamination as the system is ´open´.  Any airborne sources of contamination can easily 
become deposited onto the wall of the ampoule.  Second, due to the nature of the rapid phase 
transition of liquid hydrocarbon to carbon film, the carbon layer formed is often non-uniform and 
exhibits polyp-shape morphology as presented in Figure 15.  The film is on the order of 1μm in 
thickness with ‘polyp’ shaped carbon formations, and exhibits a low density.  These factors 
decrease the carbon layers utility as a mechanical barrier to diffusing impurities and gettering of 
O2 and H2O.  In fact, it seems unlikely that these types of films act as efficient barriers to the 
diffusion of impurities when one considers that the crystal growth cycle takes place at near 
1100ºC and may last over 200 hours.  
2.3.2 Vacuum Carbon Coating System 
More uniform carbon films could be achieved through the implementation of a vacuum 
carbon coating system.  The system developed in this thesis was designed to have two zones 
each capable of reaching more than 1000ºC.  Additionally, the furnace is capable of rocking 
180º, which provides the capability for loading and unloading ampoules without moving the 
experimental vacuum apparatus.  A compression fitting is used for connecting the quartz 
ampoules to the vacuum pumps (both rotary and turbo-molecular pumps may be used).  A liquid 
nitrogen trap sits between the ampoule and the vacuum pumps.  The hydrocarbon (Acetone) is 
loaded from the bottom, with a needle valve to regulate mass flow.  Finally, a bourdon gauge and 
a pressure relieve valve are mounted to prevent positive pressures from building up inside the 
system.   Several of the system components which have been custom designed for this work are 
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Presented in Figure 18, the pressure change is at the onset of carbon deposition is at first 
rapid as the vapor pressure of the hydrocarbon fills the evacuated ampoule and carbon deposition 
proceeds.  However, after the first 5 minutes, this change in pressure slows considerably.  The 
increase in vessel pressure may be associated with the build-up of CO2, H2O, as well as water 
vapor which are a byproduct of the pyrolytic process described above in Equation 2.  As may be 
seen, the system may be run for nearly 1 hr before a vacuum needs to be re-established in the 
system. 
 
Figure 18  Pressure change inside the quartz ampoule a function of a time.  The pressure build up is likely 
associated with the build-up in the concentration of CO2 and H2 gases as well as water vapor. 
2.3.3 Quartz Ampoule Preparation 
To prepare ampoules for graphitization (both open and closed methods) the following 
procedure was used (for both 24mm diameter and 50mm diameter quartz ampoules).   First the 
ampoules were thoroughly rinsed using Alconox detergent to remove residual salts and surface 
contaminants.  This step was followed by a thorough rinsing with DI water, Trichloroethylene, 
Methanol, and Acetone (DI, TCE, MeOH, Acetone).  The ampoules were etched using HCl : 
HNO3 acid solution in a ratio of 3:1 for a period of 24 hours, followed by DI, TCE, MeOH, 
Acetone. The ampoules were next chemically etched using Hydroflouric acid for a period of 3 
hours, followed by  DI, TCE, MeOH, Acetone rinsing.  The cleaned and dried ampoules were 
loaded into the horizontal vacuum carbon coating system and sealed via a compression vacuum 
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3 DEVICE OPERATION AND MEASUREMENT 
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low capacitance coaxial connections.  These factors are related to the total noise by Equation 3.  
Indeed, methods to reduce this electronic noise have been investigated in Chapter 4, Section 4 
for real radiation devices. 
Equation 3  ࡺ࢚࢕࢚ = ට൫ࡺ࢏૛൯ + (ࡺࢉ૛) 
The type of Field Effect Transistor (FET) used in the measurement system also plays a role 
in the electronic noise.  Actually, nearly all the noise generated in the FET + A250 preamplifier 
arrangement is due to the FET.  The FET noise performance as a function of detector capacitance 
and shaping time constants in the post amplifier are usually given in the specifications, and the 
FET should be matched to the detector and to the application.  In general, it is common to choose 
a FET with large trans-conductance, while matching the FET input capacitance to the detector 
capacitance.  A large trans-conductance ensures the current flowing into the FET is efficiently 
changed into a voltage pulse.  The FET used for all measurements presented here was the FET 
ID 2SK152.  The dependency of noise in the A250 module on parameters such as FET package, 
detector capacitance, and shaping time in the post-amplifier are presented in Figure 24.  These 
results show that for low capacitance materials, such as high resistivity Cd(Zn)Te which has a 
Capacitance on the order or 2 pF, the 2SK152 is a suitable FET and results in the lowest noise 
introduced into the measurement system. 
 
 
Figure 24  A250 Noise, measured in FWHM (KeV) as a function of detector capacitance. 
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The preamplifier feedback resistor is another integral component of the A250 pre-amplifier 
package.  The resistor is placed in parallel with the feedback capacitor.  This resistor serves as a 
source of noise in the electronics, and for this reason, should be as large a resistor as possible.  In 
the A250 package, the internal feedback resistor is 300 Mega-ohms.   
The post amplifier and its shaping time constant are yet another integral system component 
which influences the electronic noise in the system.  For room temperature measurements of 
solid state detectors typical shaping time constants are between 0.5 and 3 µ-seconds.  For lower 
temperature measurements, the shaping time is increased.  The effect of shaping time on the 
electronic noise is presented somewhat qualitatively in Figure 24.  By comparing lines 4 (blue) 
and 6 (green), the effect of decreasing the shaping time from 2µs to 250ns results in an increase 
in RMS noise by a factor of 2-3.  This also depends on the device capacitance. 
Additional considerations to reduce noise may include lowering the temperature of the 
detector-FET package in order to reduce leakage current and capacitance in the detector while 
increasing the trans-conductance of the FET.  To achieve this, thermoelectric or even cryogenic 
systems can be used, however such methods were not employed for the investigation presented 
here. 
3.2.1 A250 Noise Calibration 
The A250 pre-amplifier used for signal amplification in the gamma ray spectroscopy 
measurements has been tested for electronic noise.  Presented in Figure 25 is the circuit diagram 
for the experiment.  This was achieved experimentally using an Ortec 814FP to pulse a small test 
capacitor, which in turn injects a small quantity of known charge to the input of the A250 
preamplifier. The A250 charge-sensitive pre-amplifier and the post amplifier are tested together, 
as the noise characteristics of the A250 pre-amplifier are associated with the timing constants 
which are used in the post amplifier.  The post amplifier is used not only for amplification of the 
A250, but also functions as a band-pass filter to block unwanted frequencies.  The post amplifier 
used in this work was the Ortec Dual Spec Amp 855.  A Tektronix DP04104 oscilloscope was 




Figure 25  Electronic noise measurement circuit diagram.  From left to right:  The 814FP pulser injects a pulse onto 
the test capacitor.  The A250 pre-amplifier responds to this charge via an FET at the input.  The output of the A250 
is shaped in the Post amplifier, whose output is read by the MCA card. 
For solid-state detectors, there is a linear relationship between the deposited energy of an 
incident gamma ray and the number of electrons generated within the material.  This relationship 
may be expressed for Cd(Zn)Te detectors using Equation 4 where ࢞ represents the number of 
generated electrons and ࢟ represents the energy of the incident gamma ray. The parameter ࡱࢋିࢎ 
is describes the energy for generating an electron-hole pair in  Cd(Zn)Te, and takes a value of 
4.64 eV.  Not all of the incident gramma ray energy produces ionized electrons, but also interacts 
with the crystal lattice.  Therefore, there is also some dependence of this parameter on 
temperature.   
Equation 4  ࢞ ∙ ࡱࢋିࢎ = ࢟  
For the experimental methods used for calibration described above, it is important to select a 
test pulse which will induce the same charge on the test capacitor as the gamma ray would 
introduce in the bulk material.  Therefore, the total amount of charge induced by a gamma ray 
must first be calculated in order to determine appropriate test pulse amplitude. 
From the relationship presented in Equation 4, the total charge induced by an incident 
gamma ray with energy ૟૞૙ ࢑ࢋࢂ may be calculated by solving for the total number of electrons 
generated by a ૟૞૙ ࢑ࢋࢂ gamma ray. Multiplying the total number of electrons by their 




Equation 5  ࡽ = ૟૞૙ ࢑ࢋࢂ૝.૟૝ ࢋࢂ ∙ ࢋ ≈ ૚૝૙, ૙૙૙ ∙ ૚. ૟૙૛૚ૠ ∙ ૚૙ି૚ૢ 
 
From this relationship, it is possible to determine the test pulse amplitude injected into the 
test capacitor to simulate an incident gamma ray with an energy of 650 ܸ݇݁.  This number was 
chosen based on the desired operation characteristics of the COCAE detector, described in 
Chapter 1. Using Equation 6, the induced charge may be expressed as the product of the pulse 
height of the pulser measured in mV, and ܥ௧ = 2݌ܨ is the capacitance of the of the test capacitor 
which injects charge into the charge sensitive pre-amplifier. 
 
Equation 6   ࡽ =  ࢂ ∙ ࡯࢚ = ૛૛. ૝ ∙ ૚૙ି૚૞ 
 
Therefore, the pulse height required to produce a total charge 22.4 ∙ 10ିଵହ ܥ using a test 
capacitor with capacitance ܥ௧ = 2݌ܨ to inject charge into the charge sensitive pre-amplifier is 
ܸ = 11.2 ܸ݉.   
The output of the A250 preamplifier was connected to an Ortec Dual Spec Amp 855, with a 
shaping constant of 1.5µs.  The post amplifier was connected to the input of the Multi-Channel 
Analyzer (MCA).  Using the 814FP Pulser as the input, a spectra of the pulse could be obtained.  
Using the APTEC software package for analysis of spectra acquired using the MCA card, the 
FWHM of the test pulse could be calculated.   
Presented in Figure 26 are the spectra obtained for 0 V and 400 V applied to the FET shown 
in Figure 25.  The value of 400 V was selected because it is an average working potential used 
with the system in gamma ray spectroscopy, and it is a more practical to measure noise in the 
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3.2.3 Charge Collection Efficiency & Interaction Depth 
For test devices with planar symmetric electrodes, the charge induced by the electron and 
holes on the anode and cathode is equal.  Using the Hecht equation, which is presented in 
Equation 8, the charge collection efficiency, Q*, at the anode/cathode may be related to the 
velocity (ν) and lifetime (τ) of the electrons and holes within the Cd(Zn)Te matrix. For planar 
test device geometries, the charge induced on the surface of the anode and cathode is equal. 
 








For the simple case where electron and hole mobility lifetime products are equal, and for 
planar test device geometries, optimal charge collection efficiency, or CCE, occurs for electron-
hole pairs generated in the center of the detector, equidistant between the anode and cathode.  
For increasing detector width, W, the CCE decreases as trapping and recombination processes 
start to play a larger role in charge loss.  This is illustrated graphically in Figure 28(a), where the 
electron and hole currents slowly decay throughout the current pulse.  For increasing electron 
and hole mobility lifetime product, however, comes increasing CCE. 
 For Cd(Zn)Te materials, the difference in the electron and hole mobility-lifetime products 
has been reported to be up to two orders of magnitude.  In such a case where the µeτe product of 
is significantly larger than the µhτh product, the Hecht relation also proves useful.  Presented in 
Figure 29(b) is the CCE calculated using a 3000 V/cm electric field, for various ratios of νeτe : 
νhτh.  The value of νhτh used in these calculations was kept constant at 6x10-6 cm2/V, and the 
value of νeτe was increased through a range of values.  From this data it is also clear how the 
charge collection efficiency is strongly limited by the poor νhτh product of the holes.  As a result, 
the maximum in the CCE is shifted towards the cathode of the device due to the increasing νeτe 
product.  What this means is that events occurring near the cathode are more readily detected 
than events occurring near the anode. 
The depth of interaction is therefore of paramount importance for compound semiconductors 
such as Cd(Zn)Te for which the poor νhτh product of the holes limits ultimately the CCE.  
Presented in Figure 30(a) is the attenuation coefficient for Cd(Zn)Te as a function of incident 
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Using Equation 9, dependence of attenuation (ߙ) on the intensity of radiation passing 
through Cd(Zn)Te may be determined.  Attenuation of 31keV and 81keV photons in Cd(Zn)Te is 
presented in Figure 30(b), using the attenuation coefficients obtained from the data in Figure 
30(a). It is interesting to note that within the first 0.2 cm the intensity of the 31keV is reduced by 
nearly 2 orders of magnitude, whereas the intensity of the 81keV reduces by less than a factor of 
2. 
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NIR Digital CCD camera.  The Nikon DS-Qi-1 camera was used for imaging.  This is a 1.5MP 
camera, with integrated Peltier cooling to 10ºC lower than ambient.  The image is displayed in 
1280x1024 format, and the camera exposure time could range from 1msec to 600sec. 
For evaluation of the surface morphology bright-field (BF), dark-field (DF), and phase-
contrast filter cubes were purchased.  In the BF imaging mode, differences in absorption at the 
surface of the sample is used for differentiating materials or features at the surface.  This mode 
has been used in conjunction with the phase-contrast filter cube for imaging of surface 
morphology and surface roughness. 
The DF optical configuration is a complementary microscopy technique which offers several 
advantages to the BF configurations.  The principle advantage of the DF technique is due to the 
placement of an opaque disc below the condenser lens within the microscope objective.    This 
opaque disc blocks the light directly reflected by the wafer surface from reaching the condenser 
lens, and ultimately the CCD.  Only light which is scattered at oblique angles is able to pass into 
the condenser lens and through to the camera or ocular lens.  As a result, this technique is highly 
sensitive to scattered light whether it is from scratches, particulates, or other surface non-
uniformities.  For surfaces which are very rough and exhibit a large degree of scattering, the 
differences between DF and BF microscopy are not as significant.  However for more specular 
surfaces, DF mode is orders of magnitude more sensitive to scratches and particulate matter.   
Te-inclusions present within the bulk have been studied using the transmission mode of the 
microscope.  Presented in Figure 32 are examples of the large variation of inclusions which have 
been measured in different samples.  Indeed, though present in similar densities, the larger 
inclusions play a more significant role in reducing the overall charge collection efficiency of 
radiation devices.  In the optical regime, the second-phase inclusions also act as scattering 
centers of the IR light, to which the Cd(Zn)Te matrix is transparent. 
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down the beam path.  This beam bath normally consists of a condenser lens used to reduce the 
diameter of the electron beam, as well as scanning coils which electromagnetically raster the 
beam for producing 2D images.  A final electromagnetic lens is used for reducing the spot size of 
the beam. 
The accelerated electrons impinging on the sample surface will penetrate to some depth.  
This relationship between the depth of interaction and the energy of the electrons may be 
described the analytical expression presented in Equation 10 where R is the radius of 
penetration into the sample, A is the atomic weight (mol-1), Z is the atomic number, E is the 
incident energy in keV, and ρ is the density.  In the case of Cd(Zn)Te, taking into account 
excitation was carried out under an acceleration of 20keV for all CL measurements, this 
corresponds to a penetration depth close to 1.3 µm. 
 
Equation 10 ࡾ࡮ࡿࡱ = ૙.૙૙ૠࢆ૙.ૢ࣋ ∙ ࡭ ∙ ࡱ૙૚.૟ૠ 
 
The measurements presented in this thesis were realized using an FEI-INSPECT and a 
Hitachi 2500 Scanning Electron Microscope in conjunction with a R5509 Hamamatsu 
photomultiplier tube used for CL detection.  Electrons were accelerated under a 20kV potential 
difference for producing luminescence.  The Cd(Zn)Te samples were investigated at low 
temperatures, being cooled to a temperature of 90K.  A typical CL measurement of the n-type 
Cd(Zn)Te material which has been investigated in this work is presented in Figure 34.  As may 
be seen, this technique provides the ability to measure the presence/absence of electronic levels 
in the bandgap i.e. Energy < 1.6eV.   
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Equation 12  
ࡲ = ૚૛ ࡯ࢠ ∙ ࢂ૛
= ૚૛ ࡯ࢠ ∙ ሾࢂࡰ࡯ + ࢂ࡭࡯࢙࢏࢔(࣓૙࢚)ሿ૛




In the case of the actual KPFM measurement, a DC bias is applied to offset the contact 
potential and minimize the cantilever oscillations.  Furthermore, an AC-voltage with frequency 
2ω is also applied to provide that the cantilever oscillates with changes in the surface potential.  
This sum of DC and AC voltages may be described using Equation 13. 
 
Equation 13  ࢂ = (ࢂࡰ࡯ − ࣐࡯.ࡼ.) + ࢂ࡭࡯࢙࢏࢔(࣓૛࢚) 
 
In general, the VDC potential required to minimize the oscillations of the cantilever 
essentially forms a nulling circuit is applied throughout the measurement.  This vibration of the 
cantilever is detected using the laser diode/photodiode arrangement which has been presented in 
Figure 35. The potential offset required to null the cantilever may be measured as the cantilever 
scans across horizontally across the sample surface producing a profile of the VDC potential 
offset.  This value of VDC required to null the force corresponds directly to the contact potential 
between the tip and the sample presented in Figure 39.   
 Using calibration samples with a known work function permits the determination of the 
surface work function following Equation 14, where the difference between the known work 
function of the tip, and the known contact potential gives rise to the work function of the surface.  
In practice, however this is quite difficult due to changes in the Fermi level between two 
different samples. While calibration samples were not available during the current investigation, 
the relative work function of the surface with respect to itself has been investigated.  The 
phenomena and its effects on Cd(Zn)Te radiation detectors is further investigated in Chapter 4, 
Section 4. 
 




For work-function measurements, a CSG30/PT coated cantilever tip was used, which had a 
tip radius of 30 nm, a tip height of 14-16nm, was conductively coated with Platinum, and had 
resonant frequency at 48 kHz.  Also, for these work function measurements it was taken into 
account that the topography roughness should be much smaller than the tip radius.   This is due 
to the surface capacitance, Cx,y, of the sample influencing the tip-surface capacitance Cz which 
acts on the cantilever force according to Equation 12.  For high surface roughness, the total 
capacitance of the cantilever-surface circuit follows Equation 15, which applies for capacitors 
acting in series. 
 
Equation 15  ࡯ࢀ࢕࢚ =  ൫࡯ࢠ ∙ ࡯࢞,࢟൯ ൫࡯ࢠ + ࡯࢞,࢟൯ൗ  
 
4.3 Spectroscopic Methods 
4.3.1 Surface Photo-Voltage Spectroscopy  
The Surface Photo-Voltage Spectroscopy method has been used extensively in this thesis 
and a section describing in detail the theory and experimental procedures associated with this 
equipment is warranted.  Indeed, a system has been designed at the Crystal Growth Lab in 
Madrid during the course of this investigation and which is presented below. 
The surface photo-voltage measurement is a surface state characterization technique that has 
been developed over the past several decades.  It was first discovered by Brittain in 1947, with 
later publications in the1950s, by Brattain and Bardeen on the effects of surface illumination of 
the surface voltage (5) (6) (7).   In the 1970s, work carried out by Gatos on the effects of sub-
bandgap illumination of the surface voltage helped demonstrate the capability of the 
measurement technique (8).  The 1980s and a1990s showed a further increase in the application 
of this measurement technique for characterizing the chemical, structural, and optical properties 
of a wide range of surfaces (9) (10). 
Some advantages of this method for studying the surface states for Cd(Zn)Te are that it is (i) 
a non-contact method, (ii) is highly sensitive to surface properties, (iii) it can be used for the 
determination of bandgap energy as well as majority carrier type, and (iv) it may be used for the 
determination of the type of trap transition i.e. the recombination takes place between conduction 
or valence bands.   
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This section will present some of the theory associated with the SPV method, as well as 
some of the experimental conditions which have been used to improve the spectroscopy of 
Cd(Zn)Te materials. 
4.3.1.1 Gap States & Charge Distribution 
In the bulk lattice of an ideal semiconductor crystal, the probability of finding an electron in 
any of the unit cells is equal, and is a consequence of imposed 3-dimensional symmetry.  The 
abrupt termination of the crystal lattice at the surface, however, introduces an asymmetry into the 
crystalline periodicity.  This asymmetry imposes new boundary conditions on the electron wave 
function, and as a result introduces surface states, or gap states, which do not exist in the bulk.  
In reality, many factors contribute to the concentration of surface states including non-
stoichiometry at the surface, surface reconstruction, damage imparted by mechanical or chemical 
polishing processes, adsorbed impurities. 
The charge stored within a gap state is expressed differently for donor states and acceptor 
states.  For acceptor states, the charge is proportional to the number of occupied states ݊௧.  For 
donor states, the charge found within the state is proportional to the number of unoccupied states.    
This is represented using Equation 16, where ௧ܰ is the total number of gap states. 
 
Equation 16  ࡽࢊ࢕࢔࢕࢘ = ࢋ ∙ (ࡺ࢚ − ࢔࢚)  ࡽࢇࢉࢉࢋ࢖࢚࢕࢘ = ࢋ ∙ ࢔࢚ 
 
The charge within each gap state must be supplied by the bulk, and therefore the net carrier 
density near the surface will be different from the average bulk carrier density.  This difference 
in carrier density produces what is called a Space Charge Region (SCR).  This departure from 
equilibrium implies the existence of an electric field at the surface giving rise to a surface 
potential different than the potential in the bulk.  As a consequence, there is a bending of the 
conduction and valence bands corresponding to the magnitude of this surface potential (a 
positive surface potential corresponds to downward bent bands). 
The charge within the surface state, ܳௌௌ, and the SCR are related by taking into account that 
the bulk supplies all of the necessary charge.  Therefore, Equation 17 states that for all of the 
charge within the gap states at the surface, there should be an equal and opposite net charge in 




Equation 17  ࡽࡿࡿ =  −ࡽࡿ࡯ࡾ 
In general, only three types of conditions exist for this redistribution of charge between the 
bulk and the surface states.  When the majority carrier concentration is larger at the surface than 
its bulk value, it is referred to as accumulation.  When the majority carrier concentration is 
smaller than the bulk equilibrium, but still larger than the minority carrier concentration, it is 
referred to as depletion.  When the majority carrier concentration is smaller than the minority 
carrier concentration at the surface, it is referred to as inversion.   
For n-type material, which is the material under the present study, accumulation would 
therefore correspond to an increase in carriers at the surface, creating a lower surface potential.  
Depletion occurs as the surface potential increases.  Therefore, a higher surface state density will 
correspond to larger band bending, and as a result, greater charge transfer between the surface 
and the bulk are required to establish equilibrium.  It is precisely these changes in the surface 
potential which are measured by the SPV method. 
4.3.1.2 Sub-bandgap SPV in Cd(Zn)Te 
In order to remove Band to Band absorption at the surface, sub-bandgap energies are used 
for excitation of the gap states (i.e. λ < 1.6eV).   The carrier exchange between the gap states and 
valence/conduction bands induce changes in the surface potential via optical transitions.  In 
reality, both bulk and surface states may be excited and the SPV signal is a combination of both. 
These positive and negative changes in surface potential are illustrated in Figure 41, where 
the dotted line corresponds to the surface potential after absorption.  In a depleted type n-
semiconductor, such as those used in the current study, ࡽࡿࡿ is negative and ࡽࡿ࡯ࡾ is positive.  
When the energy of incident photons is sufficient i.e. ℎߥ ≥ ܧ௖ − ܧ௧, the value ࡽࡿࡿ becomes less 
negative as electrons are first excited from the trap, ܧ௧, to the conduction band, and are 
subsequently swept into the bulk by the electric field at the surface.  As a result, the space charge 
region becomes less depleted and ࡽࡿ࡯ࡾ becomes less positive.  It is important to also note that a 
strong decrease of the SPV signal in the above band gap region is mainly due to electron hole 
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Table 2  Bandgap energy as a function of Zinc composition in the ternary alloy Cd1-xZnxTe 
CdxZn1-xTe Alloy 
Composition 














4.3.1.3 Experimental Apparatus  
The SPV system used in this work consisted of a Quartz-Tungsten lamp, a SPEX 500M 
Spectrometer, a Standford Research Systems SR830 DSP Lock in Amplifier, a SCITEC 
Instruments optical chopper, and an Infratec pyro-electric detector (for calibration of variations 
in photon flux). The sample mounting system consisted of a AD820AR FET amplifier package, a 
faraday cage, and an optically transparent electrically conducting probe for measuring the photo-
induce voltage near the surface.  The SPV signal is fed through the high impedance field-effect 
transistor preamplifier and is measured by a lock-in amplifier.  Presented in Figure 42 is the 
experimental apparatus used in this work. 
A quartz tungsten lamp was used as a light source for the spectral measurements.  One 
advantage of using these lamps has to do with their broad emission between 300nm (ultraviolet) 
and 1400 nm (infrared).  An optical lens was used for collimating the light before entering the 
Monochromator. 
Some of the drawbacks of this type of light source have to do with filament decomposition, 
and intensity darkening from evaporated tungsten residue on the quartz.  Also, the output 
intensity of the filament depends on the voltage applied to the Tungsten filament.  As a result the 
luminance and color temperature of tungsten lamps can vary significantly.  For controlling the 
voltage applied to the light source, a ELC AL924A DC power supply was used for regulating 
voltage and maintaining a constant applied voltage between experiments.  To compensate for 
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type of diffraction grating, and slits width used.  It was important to investigate how these 
experimental parameters such as the monochromator diffraction grating and slits affected 
experimental measurement conditions. 
The monochromator was first calibrated using the spectral lines from a Hg vapor lamp.  The 
lamp was placed closely to the entrance of the monochromator and a pyro-electric (PE) sensor 
was used for measuring the response as a function of wavelength.   Both spectral lines located at 
546nm, and 436nm showed local maxima in the PE sensor output, consistent with the Hg vapor 
lamp emission spectra.   
For the region of the electromagnetic spectrum investigated here, the response of the pyro-
electric detector used for calibration is independent of wavelength and is sensitive only to the 
number of photons impinging on the detector.   Fluctuations in source intensity as a function of 
wavelength can therefore be detected and eliminated.  Specifically, the spectra may be 
normalized for variations in photon flux, taking into account the variation in the photon flux 
determined using the PE sensor.   
Two types of monochromator gratings were studied.  Using a 750nm diffraction grating 
(1200 gratings mm-1) the linear dispersion of the monochromator is 1.96nm/mm slits width, 
whereas for the 350nm diffraction grating (600 gratings mm-1), the linear dispersion is 
3.94nm/mm slits width.   
The photon flux obtained using each grating is presented in Figure 43.   The low photon 
flux above 1.65eV is due to an optical filter which is used to cut-off photons above this energy.  
Each diffraction grating used has a local maximum near 1.62eV and for this reason there is a 
local increase in photon flux in this region (it is not related to the light source).  After 1.55eV, 
there is a steady increase up to the lamps maximum output intensity (near 1.1-1.3eV).  It is also 
important to observe that using the 750nm diffraction grating, there is a higher, more uniform 
photon flux.  This higher photon flux is important for obtaining a stronger response in the 
material.  Changes in the photon flux are also less dynamic over the range of interest, which 
would correspond to less measurement artifacts.  For these reasons the 750nm diffraction grating 
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Table 4  Characteristic K-line X-rays energies for various materials investigated in this work. 




Boron 5 0.163 - 
Nitrogen 7 0.367 - 
Oxygen 8 0.500 - 
Aluminum 13 1.470 - 
Zinc 30 8.58 0.965 
Cadmium 48 23.017 3.114 
Tellurium 42 26.56 3.758 
Gold 79 62.138 9.089 
 
A Scanning Electron Microscope (SEM) Hitachi S-3000N, coupled to an energy dispersive 
X-ray (EDS) analyzer by Oxford Instruments, INCAx-sight model was used for characterization 
of the compositional surface and bulk properties.  The components of the electron beam which 
are used for excitation are presented in Section 4.2.2.  The EDS system itself, used for 
measurement of the characteristic X-rays, is presented below in Figure 47.  This system consists 
of (i) a set of permanent magnets which deflect stray electrons from entering the detector and 
degrading the signal (ii) a low pass filter fabricated from Beryllium or a polymer material placed 
between the vacuum system and the detector crystal (iii) a detector crystal based on either Si or 
HpGe which remains application specific (iv) a field effect transistor for pulse processing and 
amplification and (v) cryostat which is used for cryogenic cooling of the semiconductor crystal. 
One of the principle advantages of the EDS are that this technique may be used with a wide 
range of materials whose properties may vary substantially.  Presented in Figure 48 are 
examples of EDS spectra taken for conductive materials such as elemental Cadmium, semi-
insulating materials such as Cd(Zn)Te, and insulating materials such as Boron Nitride.  For the 
insulating materials, it is necessary to deposit a thin film of Au on the surface, which allows 
focusing on the surface using secondary electrons.  Comparing these values with the 
characteristic energies presented in Table 4 shows good agreement between the experimental 
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The energy loss of the scattered ions is sensitive to the number of atomic layers crossed by 
the beam, and independent of their spacing.  Indeed, the energy relation of a backscattered ion 
with energy E1 mass M1 is described using Equation 20, where energy E0 represents the incident 
energy before the scattering event.   
 
Equation 20 ࡱ૙ = ࡱ૚ ∙ ࡷ 
 
The kinematic factor k, may be represented taking into account the mass of the incident 
material M2, the scattering angle ϴ, using Equation 21 (16).  Taking into account M2 > M1, an 
average atomic mass of 119, the scattering angle of 165º, this kinematic factor comes to k ~ 
0.88307.   









Indeed, for materials such as CdTe which have similar atomic masses, the energy separation 
of the backscattered particles is given by Equation 22.  The factor ∆ࡹ૛ for Cd and Te is 15.2, 
ࡱ૙ is 2 MeV, and ࢊࡷ ࢊࡹ૛⁄  may be calculated using Equation 21 for both Cd and Te (~0.08).  
To improve energy separation, heavier incident ions may be used (16). 
 
Equation 22 ∆ࡱ૚ = ࡱ૙ ࢊࡷࢊࡹ૛ ∆ࡹ૛ 
 
In general, it may be summarized that at high angles of incidence the depth resolution at the 
surface also improves, while the depth probed decreases by the same factor.  Also, the mass 
resolution of the RBS decreases with the square of the mass analyzed.  This means that mass 
separation is very good for low masses, and poor for high masses 
RBS alone is not sufficient to determine layer composition and thicknesses. The RBS 
technique is sensitive to areal density with units of at-cm-2 or g-cm2.  Therefore, it is required to 
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Equation 23  
ࢾ࡭࢛       = ൫૛૚ૡ ∙૚૙
૚૞൯
(૞.ૡ૝∙૚૙૛૛) ~    ૜. ૠ ∙ ૚૙ି૞ ࢉ࢓ ~ ૝૙࢔࢓
ࢾࢀࢋࡻ૛ =
൫૚૜ૡ૙ ∙૚૙૚૞൯
(૛.૚૞∙૚૙૛૛) ~૟. ૝ ∙ ૚૙ି૞ ࢉ࢓ ~ ૟૝࢔࢓
  
4.3.4 Inductively coupled plasma mass spectroscopy  
For the determination of compositional properties and trace impurities, ion couple plasma 
mass spectroscopy or ICP-MS is a powerful technique which has been implemented extensively 
throughout this investigation.  This technique relies upon the coupling of inductively produced 
plasma to a mass spectrometer for analysis of the ions produced through the injection of material 
into the plasma. 
The sample introduction system consists of a peristaltic pumping apparatus coupled to a 
spray nebulizer and chamber.  While there are many configurations of both the nebulizer and 
spray chamber available, the basic operation is (i) to create a fine mist of very small droplets and 
(ii) to introduce these droplets into the ICP torch and (iii) to eliminate larger droplets which may 
cause problems in the analysis.    
When these fine droplets pass into the ICP-torch, the atoms are completely ionized by the 
plasma source. For the production of plasma, Argon gas is commonly used in conjunction with a 
helically shaped electrode.  When a time dependent electrical current is passed through the 
helical electrode, it produces a time dependent magnetic field, which in turn induces an electrical 
current in the Argon gas.  These currents lead to the formation of the plasma, which reaches 
temperatures as high as 6,000K.  Indeed, the sample matrix containing the elements to be 
analyzed undergoes phase change from a liquid droplet, to a solid, eventually to a gas.  As the 
atoms travel through the plasma torch, they eventually gain enough energy to lose an electron, 
become singly ionized, and exhibit a positive charge. 
For these singly charged ions to enter the quadropole, a special interface is used for linking 
the ICP-torch, which operates under ambient pressures, to the mass spectrometer, which operates 
under a high vacuum system (1 x 10-6 Torr).  This is a fairly sophisticated and proprietary system 
which allows the ions produced in the previous step, to pass into the ion lens region and the 
subsequent quadropole spectrometer.  This region is composed of skimmer or sampler cones, 
which exhibit an orifice normally about 1mm in diameter which allows the ion beam to pass into 
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These polar oxides readily dissolve in water.  Using approximately 3 g of Cd(Zn)Te, 1 mL 
of aqua regia for digestion, and 2 mL of water,  the solution is warmed to 80o to complete the 
dissolution.  A micropipette is used for measuring volumes while analytical scale accurate to 
0.00001g is used for measuring masses.  The ICP-MS equipment is maintained inside of a class 
100K cleanroom environment, at a temperature of 20oC, with a HEPA filtration system used to 
provide positive overpressure. 
It is necessary to take into account several important experimental considerations.  First, for 
elements with lower atomic masses, the Argon plasma at 6,000K does not supply the energy 
required to remove a single electron to form an ion.  As a result, Carbon, Oxygen, Boron, and 
lighter elements all go undetected by this technique.  Furthermore, one a consequence of using 
the Aqua Regia as the dilution matrix is that Nitrogen and Chlorine are undetectable.   
It is also important to take into account interferences which may occur between elements.  
Interferences in ICP-MS are caused when ions generated from the plasma, the sample, or a 
combination of the two carry a mass-to-charge ratio that is identical to that of the analyte ion.  
For example stable molecules such as O2 may form through a collision and reaction process, and 
will subsequently register in the spectrometer as having a total mass of 16 + 16 = 32.  As a result, 
this molecule will be registered as Sulfur which also has an atomic mass of 32.  It is important to 
take these interferences into account during measurement to eliminate sources of measurement 
error.     
 
4.3.5 Glow Discharge Mass Spectroscopy 
Glow discharge Mass Spectroscopy (GDMS) is an experimental technique free from the 
constraints of using a matrix for material dissolution and atomization. Consequently this method 
is ideal for analysis of trace elements in high purity materials, only requiring a small sample 
volume of homogenous material.  Moreover, GDMS can provide elemental analysis of the entire 
periodic table (except Hydrogen) from sub-ppb to part per trillion (ppt) detection limits.   
This technique makes use of argon plasma to sputter the surface of the sample (hence the 
name glow discharge).  Typically, voltages between 600-1000V are used to accelerate the Argon 
ions.  Once the surface atoms are liberated from the sample, they are subsequently ionized in the 
argon plasma and extracted from the chamber.  Thus, the atomization of the material is achieved 
without the use of any matrix, which could possibly contaminate the source.  The extracted ions 
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The current transient induced by the optical pulsing was measured and recording using a LeCroy 
9631Dual 300 MHz 2.5 Gs/s Oscilloscope in conjunction with a SULA Technologies Correlator.  
Custom developed software was used for generating the differential current transient plots as a 
function of temperature, and saving to comma separated values (*.csv) format.  
Each sample investigated in this work was prepared using the methods presented in Chapter 
4, Section 3.  Specifically, each electrode surface was polished using 1 µm diamond slurry and 
subsequently chemically etched using 2% Bromine Methanol.  Gold contacts with a thickness 
near 90 nm were deposited using the electroless method.  The lateral edges of the samples were 
mechanically polished using 3 µm Alumina Oxide, a technique which has proven to reduce 
leakage current in planar detectors. 
 
        
Figure 54  Left:  Experimental sample holder with cryogenic cooling chamber.  Right:  (From top to bottom) 
LeCroy 9631Dual 300 MHz 2.5 Gs/s Oscilloscope, Lakeshore DRC-91C temperature controller, SULA 
Technologies Correlators. 
 
From an experimental point of view there are several challenges to achieving useful 
measurement data.  First, it is important that the samples have low leakage current such that the 
signal to noise ratio of the transient current is sufficiently high.  It is important to keep in mind 
the PICTS method was developed specifically for application to high resistivity materials.  
Second, the quality of the contacts as a source of noise must also be considered.   Fluctuations in 
the LED photon flux as a function of current must be taken into account for normalization of 
absorbed intensity.  For this reason, the photon flux of the 640 nm LED used has been measured 
to be 1 x 1016 photons / second. 
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Presented in Figure 55 is the geometry used for making experimental measurements.  
During the measurement, it is also important that the temperature remains stable and there is no 
temperature gradient across the sample.  This latter consideration becomes of a challenge for 
larger area samples.  Therefore, for these larger samples a sandwich configuration mounting 
block configuration has been used with thermally conductive paste for homogenizing the 
temperature across the sample.  The sample is mounted and fixed vertically beneath the opening 
in the Aluminum housing.  The light from the LED enters through this opening.  The copper 
slabs were used for increasing the uniformity of the temperature across the sample to eliminate 
temperature gradients across the sample.   
 
 
Figure 55  Sample mounting geometry used for PICTS measurements. 
 
To understand the results obtained using this technique, it is important to first understand the 
nature of the phenomena being measured.  In the PICTS measurement, carriers are generated 
within the semiconductor using a pulsed light (in this case an LED), which enters the aluminum 
housing directly above the sample shown in Figure 55.  The energy of the pulsed light is 
typically near or just below the band-gap energy of the semiconductor.  In the present study 
LEDs which emit 644nm and 890nm wavelength light were used.  This assures high and uniform 
absorption of light by the crystal.   
The photo-generated carriers become trapped by active defects within the material up until a 
saturation limit.  It is also useful to point out that for high resistivity materials, re-trapping is 
negligible.   When the light pulse is switched off, the photo-generated electrons are then 
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thermally emitted.  In the presence of an external electric field, the slow thermal release of 
electrons will give rise to a measureable transient current. 
Presented schematically in Figure 56 is the relation between (i) the optical pulse, (ii) the 
photo-saturation, and (iii) the transient decay of current.  This figure illustrates the current 
measured as a function of time for a device under electrical bias, which is photo-excited by an 
externally pulsed LED.  Point ´´A´´ corresponds to a single optical pulse generating photo-
current within the material.  There is a sharp increase in current up to Point ´´B´´ where trapping 
begins to take place.  Trapping continues until a saturation current is reached, ݅(0)௅.  Between 
points C and D, the light pulse is switched off and the photo-generated carriers undergo rapid 
recombination.  Between points D and E, the slow decay of current is of principal interest for 
PICTS measurements.  It is important to consider that the time between each optical pulse is long 
enough to allow the system to return to equilibrium, and that the length of each light pulse is 
sufficiently long to completely fill the traps. It is important to point out that the PICTS method is 
sensitive only to majority carriers in the material.  For all of the materials studied here, the 
majority carrier is n-type. 
 
 
Figure 56  Top:  Pulsed light, Middle, Photo Induced Current. 
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4.3.6.2 Trap Energy and Cross Section Determination 
The decaying current transient, ࡵ(࢚), may be expressed analytically using Equation 24, 
where ࢗ is electron charge, ࡱ is the electric field, ࣆࢋ is the electron mobility, ࣎ࢋ is the electron 
lifetime, and ࢔࢚(૙) is the saturation density of trapped electrons.  The parameter ࡭ takes into 
account electron charge, mobility, applied bias, device geometry, and the lifetime of the carriers.   
 
Equation 24 
                       ࡵ(࢚)      =   ࢗ ∙ ࡱ ∙ ࣆ ∙ ࣎ ∙ ࢔࢚(૙) ∙ ࢋ࢔ ∙ ࢋ࢞࢖(−ࢋ࢔ ∙ ࢚) )
=   ࡭ ∙ ࢋ࢔ ∙ ࢋ࢞࢖(−ࢋ࢔ ∙ ࢚  
 
These electron and hole emission rates are a thermally mediated process and may be 
described using Equation 25, where ࣌࢔1 is the electron or hole capture cross-section, ࡺࢉ the 
density of states for Cd(Zn)Te, ࢜࢔ = (࢑ ∙ ࢀ/࢓ࢋ)૚ ૛ൗ  the thermal velocity, ࢑ is the Boltzmann 
constant, ࢀ௠௔௫ is the temperature at which the transient reaches a local maxima, and ࡱ࢚ is the 
trap ionization energy.  The effective mass ࢓ࢋ of electrons in Cd(Zn)Te is taken to be ૙. ૚૝ ∙ ࢓૙ 
(18).   
Equation 25  ࢋ࢔ = ࡺࢉ ∙ ࢜࢔ ∙ ࣌࢔ ∙ ࢀ࢓ࢇ࢞૛ ∙ ࢋ࢞࢖ ቀ− ࡱ࢚࢑ࢀ࢓ࢇ࢞ቁ 
By measuring the current transient as a function of temperature, the electron/hole emission 
rates will reach a maximum whose temperature depends on the ionization energy ࡱ࢚ of the trap.  
By measuring this position at which the emission rate is at a maximum,  or ࢀ௠௔௫ , the emission 
rate may be determined experimentally.  It is this experimental measurement which provides for 
the simultaneous measurement of trap energy and cross section. 
The double gate PICTS method (which is the differential method used here) consists of 
reading the transient current at two different times after the optical pulse, and plotting the 
differential measurement ݅(ݐଵ) − ݅(ݐଶ).  By choosing two delay times ݐଵ and ݐଶ such that 
ݐଶ ≫  ݐଵ, the change in current, ઢܑ(࢚), may be represented using Equation 26.  This result follows 
                                                 
1 The capture cross section, ࣌࢔, represents an effective area such that the probability that an electron will undergo a transition inside of 
this boundary is 1 and the probability outside the boundary is zero.  Therefore the cross section represents the spatial volume into which electrons 




directly from the representation of the transient current as an exponential decay of a thermally 
mediated process.   
 
Equation 26  ઢܑ(࢚) = ࡭ ∙ ࢋ࢔ ∙ ሾࢋ࢞࢖(−ࢋ࢔ ∙ ࢚૚) − ࢋ࢞࢖(−ࢋ࢔ ∙ ࢚࢔)ሿ 
 
For a given delay time, ݐଵ, the trap with ionization energy ࡱ࢚ and emission rate ࢋ࢔ will reach 
a maximum specifically when ࢋ࢔ = ૚ ࢚૚⁄ .  This relationship is demonstrated graphically in 
Figure 57 using Equation 26 for  ݐଵ = 50 ݉ݏ, 20 ݉ݏ, 10 ݉ݏ, & 1݉ݏ.  With respect to each 
delay time, the maxima occur when ݁௡ = 20, 50, 100, & 200 respectively. It is also important to 
point out that using shorter delay times results in higher current transient measurements because 
the system is further from equilibrium.  For longer delay times, however, the photo-generated 




Figure 57  Plot of equation 3 with  ࢚૚ = ૞૙, ૛૙, ૚૙, & ૞࢓࢙  ࢚࢔ = ૚૙૙࢓࢙.  For  ࢚૚ = ૚૙࢓࢙  the maxima occurs 
at ࢋ࢔ = ૚૙૙࢙ି૚. 
 
Equation 27 was used to derive the relation between the delay tine (controlled by the SULA 
Correlator) and the emission rate of electrons, where ࢚࢏ is the delay time, measured from Point D 
in Figure 56.  The value 1.95 is a constant associated with the SULA correlator measurement 
hardware.  Presented in Table 6 are experimental values derived for the emission rate, ࢚૚,  and ࢚૛ 
associated with different emission rates. 








ݐଵ = 50݉ݏ 
ݐଵ = 20݉ݏ 
ݐଵ = 10݉ݏ 
ݐଵ = 5݉ݏ 
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Equation 27  ࢋ࢔ = ૚൫࢚࢏ష૚∗૚.ૢ૞൯ 
 
 
Table 6  Experimental values for the emission rate, ࢚૚,  and ࢚૛ associated with each ID used. 
ID en ࢚૚ ࢚૛ 
100 5.1 1.191 μ 10-1 2.978μ 10-1 
50 10.3 5.956μ 10-2 1.489μ 10-1 
20 25.6 2.382μ 10-2 5.956μ 10-2 
10 51.3 1.191μ 10-2 2.978μ 10-2 
5 102.6 5.956μ 10-3 1.489μ 10-2 
2 256.4 2.382μ 10-3 5.956μ 10-3 
1 512.8 1.191μ 10-3 2.978μ 10-3 
0.5 1025.6 5.956μ 10-4 1.489μ 10-3 
0.2 2564.1 2.382μ 10-4 5.956μ 10-4 
0.1 5128.2 1.191μ 10-4 2.978μ 10-4 
0.05 10256.4 5.956μ 10-5 1.489μ 10-4 
 
 
The emission rate, also referred to as ID, has a large impact on the PICTS spectra which is 
obtained.  Shown in Figure 58 is a PICTS spectra obtained for a high resistivity Cd(Zn)Te test 
device, biased at 20 V and using a 640 nm LED with a pulse width of 20ms and a period of 
500ms.   The right hand axis corresponds to the measured value of ݅(0)௅ and the dotted orange 
line corresponds to how this parameter increases with temperature.  The solid lines correspond to 
the measured current transient, using different delay times, in this case 2, 5, 10, and 20 µs.  As 
may be seen, for higher en values, the differential current transient diminishes.  This is consistent 
with Equation 26. 
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Equation 30  
ࡺࢉ = ૛ ቀ࢓૙∙࢑∙ࢀ࣊૛ℏ૛ ቁ
૜ ૛ൗ
࢜࢔ = (࢑ ∙ ࢀ/࢓ࢋ)૚ ૛ൗ
 
 
4.3.6.3 Trap Concentration Determination 
The double gate PICTS method consists of reading the transient current at two different 
delay times, and plotting ݅(ݐଵ) − ݅(ݐଶ).  It is important that the delay times satisfy the 
requirement ݐଶ > 4 ∙ ݐଵ so that ݁௡( ௠ܶ௔௫) ~ ݐଶ.  This condition makes it possible to determine the 
height of the double gate peak using Equation 31 (19). 
 
Equation 31  ઢ࢏(ࢀ࢓ࢇ࢞) = ࢗ ∙ ࡱ ∙ ࣆ ∙ ࣎ ∙ ࢔࢚(૙)  ૛. ૠ૚ૡ ∙ ࢚૚⁄  
 
Using the normalized double gate spectrum, it is possible to evaluate the concentration of 
electron and hole traps present in the material.  The normalized transient, ݅௡௢௥௠(ݐ), takes the 
form of Equation 32 where ࢊ∗ is the thickness of the photo-exited layer, ࢼ(ࣅ) the quantum 
efficiency, ࡵࢇ the light energy absorbed by the sample, and ࣅ the wavelength of light used (19).   
 








ࢋ࢔ ∙ ܍ܠܘ (−ࢋ࢔ ∙ ࢚) 
 
A practical form of the PICTS equation, and the one used here for determining trap 
concentration can be expressed following (20).  In Equation 33 , the concentration of defects ࡺ࢚ 
will be equal to ࢔૙ if a high enough optical excitation is applied to reach saturation (19).  Using 
Equation 34, it is then possible to measure the concentration of defects  
 
Equation 33  ࢏࢔࢕࢘࢓(࢚) = ઢ࢏(࢚)࢏ࡸ(૙) =
࢔૙
࣐૙∙ࢻ ∙ ࢋ࢔ ∙ ሾ܍ܠ ܘ(−ࢋ࢔ ∙ ࢚૚) − ܍ܠܘ (−ࢋ࢔ ∙ ࢚૛)ሿ 
Equation 34  ࢔࢕ = ࡺ࢚ = ઢ࢏(࢚)࢏ࡸ(૙) ∙
࣐૙∙ࢻ












































) at ௠ܶ௔௫.  
ntally to be 
























).  The term
163 
bsorption co




t the value 








s ࢿ૙ and ࢿ
efficient ha






ଶ ∙ s. 


























e 59.  From
or each tra
riments has 













































t is 105 – 1
5  
capacitive p














012 Ω-cm.   
















  The probe 
d the decay 
pography c
 and the bas
arallelism w
A (a) capacita





.9).  With t








nce of probe m
f) air gap betw






















































































 of the mate
ples were b
 Equation 










rised of an 
n compone
n and exci








re 62.  Th
ects of diffe
 radiation 
d and built f
anode plate,


































࣋ሿ ࢾ⁄  
 system, (b) 
iethley 240





























































 was used f
echnique p
uctors using





d to a ´´cold
onnected to


















s the hot p
 probe´´.  T
 the negativ
robe is in c
































ent of the 













l grown in 
ted from ea
tinguish b
tations.   
died in this w
current ind
er of Pico 
as position
t.  The bott
ted to the p
meter.   
nductor sur


















 to the Fer
nductor ch
ce band.  It 
uctor, but re
tion, (b) gold 
-V module us
the ´´hot-pr
































































 by the elec
temperature
 When appl









eter, a 5W h



















s of each e
ed to a sma
e by 20º w
ements stud
eating powe












s in the CB
 the hot pro











as found to 
ied.    Addi
r supply, an
be developed 





 band at 3
ture is incre
ease to ~1.3
 of n-type m














d a ceramic 











se and a neg
the hot pr
Madrid.  Th









 x 1017 cm











p and the c












































































n others, a s
le, referred 
s as a functi




























 (d) typical pro




on due to th
 piezoelectr









use of a 














lates as a re
profilomete
















































5 CHAPTER SUMMARY 
In conclusion, this chapter summarizes (i) the experimental technology which have been 
developed for the synthesis and growth of Cd(Zn)Te compound semiconductors (ii) the methods 
used for carrying out gamma ray spectroscopy and (iii) the experimental and theoretical 
techniques which have been implemented in this investigation.  Indeed, the furnaces which have 
been designed and built during this thesis for crystal growth as well as carbon coating have been 
presented.  The calibration of noise in the detector spectroscopy was also presented to 
demonstrate a system which exhibits low noise for the spectroscopic gamma measurements 
which are presented in Chapter 4.  Finally, the theoretical aspects which have been used in this 
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across the ingot, while maintaining relatively higher temperature gradients at the Solid 
Liquid Interface (SLI).  In Section 3, how this adjustment affects bulk resistivity and 
photoconductivity is presented.  In Section 4, we investigate test devices harvested from the 
ingot along the axial direction, and studied in terms of their optical and electrical properties 
to investigate (1) how these temperature adjustments may lead to variations in material 
properties and (2) how this variation may affect test device performance. 
Section 5 is related with scaling the technology which has been developed for 25mm 
Cd(Zn)Te ingots, to larger 50mm diameter ingots.  Indeed, state of the art gamma radiation 
detectors based on Cd(Zn)Te require large volumes of uniform and mono-crystalline 
material.  Obtaining large volumes of single crystal materials requires control over a 
number of crystal growth parameters.  The solid-liquid interface shape is an important 
parameter which is strongly dependent upon the balance between axial and radial heat flow.  
Indeed, this balance may be controlled to some degree by the ampoule geometry.    Furnace 
materials and geometries which are used to modify the thermal environment to facilitate the 
crystal growth process are presented.  Specifically, the implementation of a Silicon Carbide 
(SiC) ampoule support pedestal in conjunction with the pBN crucible geometry lead to an 
increase in the axial heat flow, a decrease in radial heat flow, and improved temperature 
gradients at the crucible tip 
Finally, in Section 6 is discussed the development of a 2-D model based on the 
experimental geometry which has been designed in this thesis.  A great deal of progress has 
been made over the last decade in not only in crystal growth but simulation of the growth 
process as well.  This chapter is focused on the development of this model, and its 
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homogenization.  The advantages of this ex-situ THM synthesis technique include the 
capacity for synthesizing large quantities of Cd(Zn)Te without the high temperatures and 
pressures associated with directional solidification methods, and without the detrimental 
effects of Zinc segregation (2).  
A second method referred to as in-situ compounding, refers to a process wherein the 
same ampoule is used for material synthesis, homogenization, as well as crystal growth.  
Therefore, material synthesis and crystal growth can essentially be divided into three 
different and somewhat dynamic phases.  The first phase, which is the focus of this chapter, 
is the melt homogenization phase.  The crystal growth phase is the subject of the following 
sections of this chapter.   
A discussion of the fundamental aspects related with material synthesis of CdTe is 
presented by Triboulet (3).   For example, one important parameter is the starting material 
shape, size, and the geometry of the crucible used.  Another is the method used for 
physically mixing of the elements, whether it is via rocking furnace, accelerated crucible 
rotation, melt-oscillating temperature methods, or vibrational methods.  For example 
thermo-mechanical methods for improving melt uniformity have been proposed using 
oscillating temperatures to cyclically melt and solidify the charge (4).  Furthermore, 
Cd(Zn)Te homogenization has also been achieved using lower temperatures as high as 
1160ºC in conjunction with a rocking furnace to mechanically break apart clusters in the 
melt (5).  In general, there exist many parameters and many different methods that have 
been implemented towards achieving this end.  Some of these parameters are listed below 
in Table 1 in which those parameters used in this work are also presented. 
Material synthesis, homogenization, and crystal growth of detector grade Cd(Zn)Te 
using in-situ approaches have been demonstrated using carbon coated quartz ampoules and 
by heating the melt to only 20º-40º above the melting point of Cd(Zn)Te (6) (7) (8).  It was 
not clear whether the experimental conditions used for quartz ampoules would necessarily 
apply for pBN crucibles, which is the crucible material of choice used in this thesis 
investigation.  The objective of this study is the development of a reliable homogenization 





Table 1  Small set of possible parameters used in the growth and synthesis of Cd(Zn)Te 
Parameters Possibilities Ref. Used in Investigation 
Growth Technique  High pressure Bridgman 
 Travelling Heater Method 
 Bridgman 
 Vertical Gradient Freeze 
 Physical Vapor Transport 
(9)  













 Accelerated crucible rotation 
 Furnace rocking  
 Oscillating temperature methods  
 Superheating of melt 
(7)  
 






 Carbon coated quartz 
 Pyrolytic Boron Nitride (pBN) 
 Graphite 
 De-wetted growth (no crucible) 
(8)  
Carbon coated quartz 




Atmosphere  Vacuum 
 B2O3 encapsulated melt 
(15)  
Vacuum (19) 
Ingot Weight  Variable  200g 
750g 















2.2 Experimental Approach 
The approach adopted here for in-situ homogenization includes (i) Preparation of the 
starting elemental materials, (ii) Choice of melt stoichiometry, (iii) Charging of the material 
within the crucible/ampoule, and (iv) Insertion of the material into the VGF furnace for 
reaction and synthesis.  Some of the more important experimental considerations which 
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Based on the preceding P-T-x diagrams, the desired melt stoichiometry was selected to 
be slightly Te-rich.  Crystal growth under these conditions would provide minimum 
internal pressure reducing the probabilities of ampoule rupture.  This was an important 
factor due to the use of superheating as the desired method of homogenization (as opposed 
to furnace rocking).   
In order to achieve these considerations experimentally, control over the stoichiometry 
of the charge is paramount.  Due to the difficulties with cutting and weighing Cd, this 
material was weighed first with some idea of the approximate quantity necessary for a 
boule with a given mass.  In addition to the stoichiometric quantity required, an extra 
amount of Cadmium was used to compensate for material loss arising from the equilibrium 
overpressure of Cd at high temperatures.  This Cd excess was calculated using Equation 1, 
where P is system pressure measured in Pascals, V is the volume of the ampoule measured 
in m3, ࢔஼ࢊ,ࢍ࢖ is the number of moles of Cd in the gas phase, R is the ideal gas constant, and 
T is the system temperature measured in Kelvin. The total system pressure was 
approximated by using experimental data at 1000o C reported in (24).  The ampoule volume 
could be calculated exactly from its CAD geometry.  
 
Equation 1    ࡼ࡯ࢊ ∙ ࢂࢇ࢓࢖࢕࢛࢒ࢋ = ࢔࡯ࢊ,ࢍ࢖ ∙ ࡾ ∙ ࢀ 
 
From this calculation, the quantity of material that will exist in the vapor phase can be 
calculated.  This weight is then subtracted from the total weight of Cd which has been 
measured.  To be clear, this value is subtracted because the Cd existing in the gas phase is 
not a component of the melt.  Using this reduced value for the Cd the required quantity of 
Tellurium to obtain a stoichiometric charge may be determined using Equation 2, where 
	࢔ࢀࢋ represents the moles of Tellurium required for a stoichiometric charge. 
 
Equation 2  (࢔࡯ࢊ	࢚࢕࢚ࢇ࢒ − ࢔࡯ࢊ,ࢍ࢖) +	࢔ࢆ࢔ = 	࢔ࢀࢋ 
 
The stoichiometry of the Cd(Zn)Te charge was chosen to be slightly Tellurium rich in 
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Presented in Figure 9 is a typical thermal ramp which is used for material synthesis.  
This temperature ramp is divided into three stages, as already has been mentioned.  These 
stages are (i) melt homogenization, (ii) crystal growth, and (iii) crystal cooling.  The 
temperatures and times spent at each stage in fact have a great impact on the crystals 
electrical, structural, and optical properties.   
 
 
Figure 9  Typical thermal cycle for the material synthesis, crystal growth, annealing and cooling.  The 
melting points (MP) and boiling points (BP) of Cd, Zn, and Te are indicated using dotted lines.  
 
Presented in Figure 10 is the experimental pedestal used in this work for measuring 
the temperature along the axis of the ingot.  Thermocouples were placed along the exterior 
of the quartz crucible, every 1.5 cm up to 9 cm.  Additionally, 1 thermocouple was placed 1 
cm below the tip of the quartz crucible.  See Chapter 2, Section 1.2 for additional details 




Figure 10  Furnace pedestal used for detecting exothermic reactions and measuring the temperature adjacent 
to the crucible, along the axial direction. 
Material synthesis and homogenization may be divided into two phases.  The first 
phase of Cd(Zn)Te synthesis is reaction between Cd and Te, which has been reported near 
450º C, above the melting points of both.  As already mentioned, the crucible was filled 
with Te, Cd, and Zn in the order of their melting points.  Using this approach, the molten 
Cd melts first and covers the surface of the Te pieces.   
The exothermic behavior of Cd(Zn)Te synthesis is observed during this phase and is 
described using Equation 4.  The exothermic heat of fusion of Cd with Te has been 
reported to be ∆ܪ = 1.81	ݔ	10ହ 	ܬ ݇݃⁄  (26).  This is an important value, and was taken into 
account to ensure a properly controlled and safe crystal growth process.  For the 25mm 
ingots, which weighed between 160 and 200 g, this energy produced is between 33	kJ  and 
42	kJ while for the 50mm ingots, this energy increases to near 160 kJ.  Taking into account 
the heat capacities of the materials (see section 7.2 page 290 of this chapter), the change in 
temperature associated with the exothermic reaction of 1kg of Cd(Zn)Te may be calculated 
using Equation 5.   
 
Equation 4   ࡯ࢊ(࢙) + ࢀࢋ(࢙) = ࡯ࢊࢀࢋ(࢙) +	∆ࡴ 




The investigation carried out in this chapter was not only to study each stage of the 
homogenization phase in detail, but to study how changes made to the thermal ramping 
cycle influenced resultant material quality.  In total, four different temperature set points 
were investigated to observe thermodynamic changes taking place within the ampoule.  
Those temperature set-points, and the experimental motivation is presented in Table 2 
 
Table 2  Temperature set points and experimental motivation for homogenization experiments. 
Temperature Set-points Experimental Motivation 
450oC  Set point above melting point of Cd, Zn, Te 
 Observe exothermic reaction 
785oC  Set point above boiling point of Cd 
 Observe exothermic reactions associated with un-reacted 
Cd/Te 
<1100oC  Set point above boiling point of Cd, Zn, and Te 
 Observe exothermic reactions associated with un-reacted 
Cd/Te 
1130oC  Set point above boiling point of Cd(Zn)Te 
 Observe changes in ingot homogeneity 
 
2.3 Results 
The results are presented here for each stage of homogenization.  The results regarding 
the exothermic reaction with between Cd and Te near 450 ºC are first presented.  Some 
comments are provided to explain the release of exothermic heat at temperatures below the 
melting point of Cd(Zn)Te.  And finally, the experimental results with respect to melt 
homogenization, and how these factors affect second phase inclusions, composition, and 
material homogeneity  are discussed, taking into account their importance with respect to 
radiation detection applications. 
2.3.1 Stage 1:  Thermodynamic Processes at 450º C 
The first temperature ramp investigated was to 450oC, recognized as the temperature at 
which the reaction of Cadmium with Tellurium takes place to form CdTe.  It is important to 
note that this temperature is above the melting point of all three elements (Te ~ 450o C, Zn 
~ 419o C, Cd ~320o C).  In order to observe the reaction dynamics, the Cd(Zn)Te charge 
was brought to a temperature just below the reaction temperature, and slowly ramped 
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The change in the axial temperature profile throughout the duration of the Cd-Te 
exothermic reaction is illustrated in Figure 12 and Figure 13 for the 25 mm and 50mm 
Cd(Zn)Te ingots respectively.  Before the reaction occurs (t=40 for 25mm ingot, t=117 for 
50mm ingot), the temperature profile across the ingot is nearly constant, with a slightly 
higher temperature at the tip (axial position=0) than across the body.  In fact, the 
temperature gradient is negative in this case.   
As the temperature approaches 450º C, the temperature inside the ampoule increases 
suddenly from 450º C to nearly 580º C for the 25mm ingot.  For the 50mm ingot, the 
temperature increases to nearly 850º C.  It is important to note that immediately after the 
reaction takes place (t = 75, t=117), the axial gradient becomes substantially convex with 
the hottest spot in the furnace being slightly higher than the center of the ingot.  The 
position of each ingot, with respect to the thermocouple measurements is shown above each 
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2.3.2 Stage 2: Temperature ramp to 785º C 
The temperature set point of 785º C was investigated because it is above the boiling 
point of Cd.  It was of interest to observe if there were any exothermic reactions associated 
with un-reacted Cd/Te at this stage.  The ampoule was brought to this temperature, and 
maintained for three days, however no significant thermodynamic behavior was observed in 
the thermocouple data.   
2.3.3 Stage 3: Temperature ramp to 1100º C 
The third temperature profile investigated was the temperature ramp from 800º C to 
1100º C, which was above the boiling points of Cd, Zn, and Te but still below the melting 
point of Cd(Zn)Te.  In some cases small exothermic reactions could be observed to take 
place.  These reactions were detected as temperature spikes in the T/C data, and may be 
associated with the fusion of unreacted Cd and Te at these elevated temperatures.   
This phenomenon is presented in Figure 14 for one of the 25mm ingots investigated.  
Indeed, from the temperature spikes observed by the thermocouples, it is possible to 
estimate the quantity of material reacting by the change in temperature following Equation 
5.  For the temperature spike 1, the change in temperature of 3º C corresponds to a mass of 
roughly 4grams of reacted Cd(Zn)Te.  For the temperature spike 2, the change in 
temperature of 23ºC corresponds to a mass of nearly 30grams of Cd(Zn)Te.  Indeed, the 
starting size of the material can play a large role in determining the high temperature 
dynamics.  These small exothermic reactions are attributed to the use of small diameter Te 
and Cd particles.  
This exothermic behavior may be explained in Figure 15.  When the Cd and Te 
undergo fusion at 450ºC, elemental Cd may passivate the surface of a Te droplet through 
the formation of a CdTe crust surrounding the Te droplet.  For a large enough Te particle, 
this passivation layer will prevent the Te inside from reacting with the Cd in the melt.  As a 
consequence, the melt will become slightly Cd-rich for a high enough concentration of un-
reacted Te-particles.  Moreover, the crust which encapsulated the Te droplet may be stable 
up to 1100ºC, which is near the melting point of CdTe. Once the melting point of CdTe is 
reached, this passivated crust will also melt, allowing the encapsulated Te to react with 
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2.3.4 Stage 4: Temperature ramp to 1100-1130ºC 
Probably the most important phase of material synthesis involves the homogenization 
of the molten Cd(Zn)Te material.  This remains a key stage in achieving material with good 
optical and electrical properties.  One of the principal objectives of this phase is the 
breaking apart Te-inclusions in the melt using temperatures well above the melting point of 
Cd(Zn)Te.     
The quartz ampoule constrains the operating temperature to below 1160º C (which is 
the softening point of quartz).  For short periods of time, however, it is possible to ramp the 
temperature of the melt to higher temperatures and achieve improved homogenization of 
the elements without pressing the limits of the quartz vessel.   
Presented in Figure 16 are two different types of thermal ramps used in this 
investigation.  In the Type-1 homogenization ramp, the temperature at the tip of the 
crucible is taken to the melting point of Cd(Zn)Te.  In the Type-2 homogenization ramp, 
this temperature at the tip of the crucible is increased to +30ºC of the melting point of 
Cd(Zn)Te (note however T/C 3 and 4.5 are at 1160ºC, near the softening point of quartz).  
This higher temperature is intended to push the reaction further, and break apart secondary 
phases present in the melt.  It is important to comment that the T/C used for measuring the 
superheating temperature was T/C 1, placed near the tip of the ingot.  This was intended to 
provide results which are comparable with existing conventions presented throughout the 
literature (see P. Rudolph (27)).  However, the large temperature difference between T/C 0 
and T/C 3 is notable, and is likely the result of the high temperature gradient induced by the 
SiC pedestal which has been used. 
 For the Type-1 homogenization profile (referred to as H1-profile), the furnace set 
points were raised such that the T/C located at the tip of the crucible would reach a 
temperature near 1104ºC.  This convention is consistent with that reported by Rudolph with 
respect to superheating of the melt (28).  However, it is interesting to also observe from this 
thermocouple data that the temperature across the melt is 30º C higher than the temperature 
at the tip.  Regardless, using the conventions proposed by Rudolph for measuring the 
superheating, the furnace was then allowed to come to thermal equilibrium over the course 
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than the temperature at the center of the ingot (T/C 3).  In fact, the uppermost wall of the 
quartz ampoule is located in Zone 3 of the furnace, which is held at 1000ºC throughout the 
growth cycle.  It is therefore proposed that radiative heat transfer between the surface of the 
melt and the wall of the Quartz ampoule is responsible for this phenomenon.   
Presented in Figure 22 are results from numerical simulations of 50mm Cd(Zn)Te 
ingots which may help explain this behavior.  From these simulations we observe that 
before the halfway point of the growth cycle, the isotherm across the melt surface is below 
the melting point of Cd(Zn)Te.  This occurrence supports the hypothesis that nucleation 
may occur at the melt surface, effectively producing two distinct crystallization fronts.  
This nucleation and subsequent outward growth from the center of the melt also helps 
explain the conical shape of the tail.  The development of the 2D model used for numerical 
simulations is presented in greater detail in Section 7 of this chapter.   
 
Figure 22 2D isotherms delineating the solid liquid interface of the melt. (a) Kanthal furnace element (b) 
Cd(Zn)Te melt, (c) pBN crucible & Quartz ampoule, (d) Cd(Zn)Te solid, (e) SiC pedestal.  
A schematic representation of these changes in material phases throughout the 
homogenization and growth cycle is presented in Figure 23.  Indeed, it is not necessary that 
this nucleation is a single crystal, but may actually be composed of many solid particles.   
The similarity in density of CdTe(s) and CdTe(l) makes it possible that the nucleated 
CdTe(s) particles could become trapped in the surface boundary layer, possibly due to 
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lower convection near the melt surface (29) (30).  These particles would continue to grow 
together as the temperature in the furnace is lowered following the growth cycle.  These 
particles would remain floating on top of the melt throughout the duration of the growth 
cycle forming a polycrystalline cap.   
 
Figure 23  Changes in material phases throughout the homogenization cycle (a) starting elements Cd(s), 
Te(s), and Zn(s) undergo exothermic reaction at (b) 450ºC to form Cd(Zn)Te(s) which remains solid to 
temperatures (c) 1104ºC above the melting point of Cd(Zn)Te.  (d) At some point during the growth cycle, 
nucleation occurs at the top surface of the melt and (e) continues to grow forming a poly-crystalline cap. 
The fact that this phenomenon does not occur in the Type-2 homogenization is also 
interesting.  This may be explained by taking into account the amount of supercooling 
required for nucleation to occur in superheated melts.  Presented below in Figure 24 are 
experimental results presented by P. Rudolph (28), illustrating the relationship between 
superheating and supercooling of the melt.  For small values of superheating, as is the case 
of the H1 homogenization, only a small degree of supercooling is required for nucleation to 
occur.  For values of superheating +30ºC, as is the case for H2 homogenization, larger 
values of supercooling of the melt are required for nucleation to occur.  As a result, in the 
H2 homogenization, this degree of supercooling near the melt surface is not reached.   
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It is also important to note that the ingots grown using the H1 homogenization protocol 
exhibited larger fluctuations in content than did the ingots grown using the H2 
homogenization protocol.  These fluctuations in Te or Cd content correspond changes in 
carrier concentration and in general, changes in the electrical properties of the detector 
crystals.  We attribute these fluctuations to a non-uniform melt composition, possibly 
associated with the incomplete melting of Cd(Zn)Te as previously discussed.  Indeed, the 
elemental Te layer present on the surface of the as-grown ingot is possibly associated with 
such strong fluctuations. 
 
 
Figure 28  Composition of ingots grown using Type-and Type-2 homogenization (H2A). 
 
2.3.8 Melt Homogenization and Gamma Spectroscopy 
The most important figure of merit is that material grown under these conditions may 
be used for gamma-ray spectroscopy.  Therefore, it was necessary that material harvested 
from the homogenized ingots be harvested and fabricated into Cd(Zn)Te detectors.  
Presented in Figure 29 are the gamma spectra obtained for ingots grown using Type-2 in-
situ compounding techniques.  Indeed, many comparable detectors have been harvested 
from ingots grown using these methods.  The devices presented only serve as a 
representative sample. A more complete discussion regarding detector fabrication, testing, 
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5) It was observed that the Type-2 superheating of the melt by 30ºC was sufficient to (i) 
improve material homogeneity, (ii) prevent nucleation from occurring at the melt 
surface, and (iii) increase overall yield. 
6) Infrared transmission measurements have been used to demonstrate how this 
superheating has reduced the size and density of secondary phases within the Cd(Zn)Te 
matrix.   
7) Detector material has been harvested from Cd(Zn)Te ingots synthesized from 7N Cd, 
Zn, and Te pure elements.  The gamma spectra exhibit substantially better FWHM than 
those obtained using pre-compounded Cd(Zn)Te.  This result may be associated with 
the higher material purity of the starting elements, introducing lower levels of 
impurities and charge trapping centers. 
  
Based on these results, several new avenues for further investigation have been 
opened.  For example, it is interesting to investigate the effects of using higher temperatures 
for superheating of the melt.  In addition to the material synthesis, homogenization, and 
crystal growth which have been presented here, it will also be useful to study the ingot 
cooling stage, in which the ingot is brought from the growth temperature near 1100ºC to 
room temperature.  Indeed, a consequence of the retrograde solubility of Te in Cd(Zn)Te 
means that this cooling algorithm will have substantial influence on the precipitation which 
occurs.  Moreover, for non-uniform distribution of Zinc, this will lead to non-uniformities 













































































































In the Bridgman and Vertical Gradient Freeze (VGF) techniques, it is common to use a 
sealed quartz ampoule for material synthesis and crystal growth of Cd(Zn)Te.  However, to 
maintain the purity of the starting materials, it is important to prevent interaction between 
the quartz ampoule and the Cd(Zn)Te melt.  One method commonly used is to deposit a 
layer of carbon on the quartz surface.  The carbon layer is typically quite thin, on the order 
of microns.  There is some doubt, however, whether or not this carbon layer effectively 
blocks quartz impurities from diffusing into the ingot. Other disadvantages include thermal 
stresses and interface curvature derived from using a quartz ampoule (31) (32).  
A second approach is to use a high purity crucible, and to seal the crucible within the 
quartz vessel, such as pyrolytic boron nitride (pBN).  One of the most commonly cited 
advantages of using pBN is the anisotropic thermal conductivity of the material.  This is a 
result asymmetric hexagonal crystal structure of pBN, with the preferred direction of 
growth parallel to the c-axis (33).  That pBN crucibles are grown on graphite mandrels 
imply a c-axis normal to the crucible wall.  The thermal anisotropy is a result of low 
thermal conductivity along the c-axis direction (2 W/m) and higher thermal conductivity 
perpendicular to the c-axis (60 W /m).  As a result, radial heat flow is suppressed, being 
perpendicular to the c-axis.   
There are several other important advantages as well.  High purity material can be 
achieved using pBN crucibles, a consequence of the Chemical Vapor Deposition (CVD) 
process and its material purity inputs.  A comparison of crucible materials for InP has 
shown that the lowest residual contaminations have been obtained using pBN (34).  It was 
also demonstrated for Cd(Zn)Te that pBN crucibles led to the production of ingots with 
both lower impurities and lower etch pit density compared with carbon coated quartz (35).  
Work has been carried out on boron nitride (BN) films which show the wetting angle 
between CdTe and BN is substantially larger than for quartz, carbon coated quartz, and 
other materials (36) (37).  This lower wetting angle leads to less stress induced by the melt-
wall interaction.  Finally, simulations describing the implementation of pBN as a crucible 
for Cd(Zn)Te further illustrate the beneficial properties of pBN (29) (38) (39). 
One disadvantage of pBN crucibles has to do with the crucible material interacting 
with the melt during the growth cycle.  It has been presented for III-V materials that the 
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texture of a pBN crucible can have an influence on crystal growth and that the crucible does 
interact with the melt from cycle to cycle as observed by particulates in the as grown crystal 
(40).  However, exactly how and if this affects the actual material quality has not yet been 
determined.   
This observed interaction between the walls of the pBN crucible and that of the 
Cd(Zn)Te melt led to the development of a vacuum carbon coating system for applying a 
carbon coating to pBN crucibles.  In order for a new crucible technology to be successfully 
introduced for the fabrication of Cd(Zn)Te based nuclear imaging detectors, it is important 
this new technology at least preserves or improves the material quality.  For this reason, it 
was also important to demonstrate that high quality material could be harvested from 
Cd(Zn)Te ingots grown using carbon coated pBN Crucibles (hereafter referred to as cc-
pBN crucibles).   
 In this work, results for vacuum carbon coating technology applied to pBN crucibles is 
presented.  The compositional and detector properties of the material demonstrate this 
crucible technology may possess some positive attributes.   
3.2 Experimental and Characterization Methods 
Cd(Zn)Te crystals of 25mm diameter were grown by the Vertical Gradient Freeze 
(VGF) method using a 5-zone furnace.  A typical thermal profile for a crystal growth run of 
Cd(Zn)Te is presented in Section 1 of this Chapter.  For these growths, it is important to 
point out that Type-1 homogenization protocol was used, as the Type-2 homogenization 
protocol had not yet been developed.  What is important to note, however, is that a majority 
of the profile is at temperatures as high as 1130º C, or higher.  Moreover, a typical crystal 
growth cycle may last as long as 200 hours. 
For deposition of carbon films, a vacuum carbon coating system was used for carrying 
out the pyrolysis of Acetone at 1000ºC. Surface roughness of pBN and carbon coated pBN 
crucibles have been investigated with a Dektak IIA surface profilometer using 2mm scan 
lengths with a stylus force of 25mg.  The morphology of the carbon films was investigated 
using secondary electron images from a Scanning Electron Microscope (SEM) Hitachi S-
3000N, coupled to an energy dispersive X-ray (EDS) analyzer by Oxford Instruments, 
INCAx-sight model.   
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From each of the ingots grown using cc-pBN, material was harvested to fabricate test 
devices.  The electronic properties of the Cd(Zn)Te test devices harvested from the ingot 
were investigated using a Kiethley 6517 electrometer.  Carrier type of the devices has been 
determined using the hot probe method.  The fabrication of planar test devices used in this 
work follows the methods presented by (41).   
The ingot composition has been determined using quantitative ICP-MS measurements 
and using Glow Discharge Mass Spectroscopy (GDMS).  Glow Discharge Mass 
Spectroscopy has been implemented for the analysis of Cd(Zn)Te purity using both pBN 
and using cc-pBN, and compared with their starting purity.   
3.3 Results 
3.3.1 Boron Nitride / Cd(Zn)Te Melt Interaction 
Using pBN crucibles for the growth of Cd(Zn)Te, we have observed that the crucible 
does in fact interact with the Cd(Zn)Te melt.  Small fragments of material have been 
extracted from the tip of the ingot, as well as from the lateral sides of as grown ingots.  The 
composition of these particulates was confirmed to contain Boron and Nitrogen by the low 
energy Kα characteristic X-rays detected near 0.163 and 0.367 keV respectively. One 
example is shown in Figure 30.  The Au present in the spectra has been deposited on the 
sample prior to analysis, and does not represent Au in the Cd(Zn)Te sample. 
 
 
Figure 30  Boron Nitride particulate embedded in Cd(Zn)Te tip, extracted and characterized using EDS.  
Inset:  Boron Nitride flake. 
 
3.3.2 Carbon Coating of pBN Crucibles 
As already mentioned, due to the high cost of pBN crucibles, methods to increase their 
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A relation between the as-grown ingot surface roughness and detached growth has 
been observed by others using pBN crucibles (42).  The high surface roughness of the ingot 
is associated with attached growth, while a reflective surface is with detached growth.  
Furthermore, it has been put forth that higher levels of surface roughness of the crucible 
leads to improved de-wetted conditions, a consequence of the higher wetting angle of the 
crucible (43).    
Presented in Figure 36 are three possible wetting conditions which may occur between 
a liquid and solid surface.  The contact angle is constructed by the angle between the 
tangent of the liquid droplet and the contact surface. 
 
 
Figure 36 (a) Large contact angle (b) contact angle = 90°, and (c) small contact angle 
 
Liquids which exhibit lower contact angles conform to a greater extent to the 
morphology of the contact surface.  Indeed, the surface of the Cd(Zn)Te ingot grown using 
cc-quartz also has similar roughness to that of the carbon layer  (See Chapter 2, Section 1.3 
for more information on the carbon layer morphology).  In the case of the pBN crucible, the 
surface morphology of the ingot is comparable to that of the crucible, and we attribute this 
to a relatively lower contact angle. 
In the case of cc-pBN, the high roughness of the crucible was not imparted into the 
surface of the ingot.  This indicates the contact angle of the Cd(Zn)Te melt with the cc-pBN 
crucible may be relatively larger than that obtained using the pBN crucible alone.  It is 
possible that this interaction may be associated with the carbon layer changing the contact 
angle at the surface, however further investigation of the surface wetting phenomenon 
using cc-pBN is required. 
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3.3.4 GDMS Measurements 
Due to the nature and high purity of the elements used in the synthesis of high 
resistivity Cd(Zn)Te, there are many potential sources of contamination.  It is of paramount 
importance, therefore, that the number of material processing stages is kept to a minimum, 
and that appropriate material handling protocol is adapted.  Environmental sources of 
contamination include impurities present not only in the air, but on the surfaces of the 
laboratory components such as tables, bench tops, computers, etc.   Common impurities 
present even in clean room environments include Na, Al, Mg, Si, and S.   
The diffusion of chemical species within the quartz matrix becomes significant at 
temperatures reaching 1,000°C or more.  Such impurities include sodium, lithium, calcium, 
and potassium.  Typical trace elements for HSQ 300 Quartz glass are presented in Table 4. 
Other experimental related impurities may originate from a number of sources, 
including the processes performed in the clean room, the clean room personnel, the 
cleaning agents, and the ventilation system and general air quality. Additionally, 
contamination with iron and chromium can be expected if stainless steel tools come in 
violent contact with the charge material.  
 
Table 4 Trace impurities for different Quartz tubes measured in ppm (44) 
Grade  Al  Ca  Cr  Cu  Fe  K  Li  Mg  Mn  Na  Ti  Zr  
CFQ 099  15  0.8  <0.05  <0.1  0.4 0.8 1.2  0.1  0.1  0.9  1.5  0.8 
HSQ 100  15  0.5  <0.05  <0.05  0.1 0.4 0.6  0.05 <0.05  0.3  1.1  0.7 
HSQ 300 15  0.5  <0.05  <0.05  0.1 0.4 0.6  0.05 <0.05  0.3  1.1  0.7 
HSQ 700  15  0.5  <0.05  <0.05  0.1 0.1 0.05 0.05 <0.05  0.3  1.1  0.7 
 
The terminology for Cd(Zn)Te 7N quality is determined by the maximum quantity of 
impurities lower than 100PPB normally excluding C, O, and N.  By comparing the 7N as 
received material with as grown high resistivity material, it is possible to observe how the 
experimental conditions affect impurity levels in the as grown material. In total, trace 
impurities of 55 elements have been investigated in as grown ingots, as well as in the 
starting material.  Only those elements which exhibit larger concentrations than the starting 
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iron and chromium may be associated with the stainless steel tools which are used within 
the glove box for charging the crucible.  Other impurities such as Al, Mg, Na, P, and S may 
come from material handling and environmental conditions.   
 
3.3.5 Material Segregation 
The axial composition of the ingot was characterized using ICP-MS to measure axial 
Zinc concentration.  Results are presented below in Figure 37.  Using the Scheil Equation 
represented in  , the segregation coefficient has been calculated to be between 1.3 and 1.5.  
ܥ௢ is the initial concentration of Zinc, ܥ௦ is the concentration of Zinc in the solid, ݇ is the 
segregation coefficient, and ݃ is the solidified fraction.  The values obtained for ݇ are 
consistent to the commonly reported values found in literature (45).  
 
Equation 7  ࡯࢙ = ࢑ ∙ ࡯࢕(૚ − ࢍ)࢑ି૚ 
 
The variation in the axial concentration of Zinc may be divided into three regions, as is 
presented in Figure 37.  In Region I, the segregation coefficient in this super-cooled region 
is close to 1, and reflects the bulk concentration of the melt i.e. 10%.  This affect has been 
studied by, and is illustrated by the closely spaced iso-concentration contours in the first to 
freeze region of the ingot (46). 
Of the three as-grown ingots, only cc-pBN 1 demonstrated this effect strongly.  That 
this behavior was not observed in cc-pBN 2 and cc-pBN 3 is attributed to the use of a SiC 
pedestal which increases the axial gradient, bounds the super-cooled region to a smaller 
volume, and increases the extraction of latent heat at the onset of nucleation (38) (39).  Poor 
contact between the SiC pedestal and the cc-pBN crucible for cc-pBN 1 may have 
influenced these results.  In general, the influence of the pBN crucible in conjunction with a 
SiC pedestal appears to reduce the supercooling of the melt.  This is further evidenced by 
detectors harvested from the first to freeze region of the ingot. 
In Region II of the crystal, the segregation of Zinc follows fairly closely the Scheil 
equation.  However, in Region III, the concentration of Zinc falls fairly quickly in each of 
the ingots studied.  This may be related with changes in melt convection arising from a 
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Equation 8  ࡰࡵ࢔ = ૜. ૛ૢ	 × ૚૙ି૝ ∙ ࢋ࢞࢖(−૚. ૚૙ࢋࢂ/࢑ࢀ) (47) 
Equation 9  ࡰࡵ࢔ = ૜. ૛૛	 × ૚૙ି૝ ∙ ࢋ࢞࢖(−૚. ૚૜ࢋࢂ/࢑ࢀ) (48) 
 
Indeed, taking into account these values the characteristic diffusion length, d, of 
Indium may be calculated using Equation 10 , where DIn is the diffusion coefficient at a 
certain temperature, and t, represents the amount of time at this temperature.  Taking into 
account (i) the length of the growth cycle at temperatures near 1100ºC and (ii) the crystal 
cooling cycle (the ingot is cooled in 10 hour durations from 1000°C, 800°C, 500°C, and 
300°) the characteristic diffusion length bay be calculated using Equation 10.  This 
characteristic length is only on the order of 0.1mm, and is not sufficient to explain this 
behavior which occurs over a length of 2 cm. 
 
Equation 10  ࢊ = ඥ૛ ∙ ࡰࡵ࢔ ∙ ࢚ 
 
A more plausible explanation of these experimental results may be found by 
considering that each crystal was grown using Type-1 homogenization profiles, discussed 
in Section 2 of this chapter.  Specifically, the second nucleation event which is claimed to 
occur at the melt surface during the growth cycle may produce indium segregation from the 
tail end of the ingot.  Indeed, after the second nucleation event occurs, there will be Indium 
segregation from both the top and bottom ends of the ingot arising from two propagating 
solid liquid interfaces (see Figure 23 on page 203).   
For a segregation coefficient lower than 1, as is the case of Indium, the maximum In 
content will not be found at the ends of the ingot, but somewhere in the center.  As may be 
seen in Figure 37b, such a local maximum is observed.  Therefore, it is possible that this 
phenomenon may be explained using this physical description.  It will be of future interest 
to compare these results with In segregation in ingots grown using Type-2 homogenization 





3.3.6 Gamma Response 
The gamma response of test devices harvested from each ingot grown using cc-pBN 
crucible is presented in Figure 38.  These Cd(Zn)Te test devices exhibit good performance, 
having a FWHM of between 5-12 % at 81keV.  The spectra presented are for the devices 
biased between 2000 - 3000V / cm.  Such high electric fields provide improved charge 
collection efficiency of the device.  These are representative samples of several devices 
which have been harvested from each ingot.  The difference in peak locations is a 
consequence of different gain settings used during the measurement of each device, 
according to its resistivity. 
 
 
Figure 38  Gamma response measurements using 133Ba radioactive source for test devices harvested from 
crystals grown using cc-pBN crucible 
 
3.4 Conclusions and Future Work 
In summary, high quality material Cd(Zn)Te has been harvested from all regions of the 
ingot, from the tip to the tail, effectively demonstrating the advantages of cc-pBN crucible 





1) A vacuum carbon coating system has been designed, assembled, tested, and 
successfully implemented for carbon coating of pBN crucible materials.  To the extent 
of the Authors knowledge, this is the first time carbon coating has been applied to pBN 
crucibles. 
2) Results indicate this technology may be implemented for increasing the longevity of 
pBN crucible through reducing melt-crucible interactions.   
3) A second advantage of the carbon coating system is that the method may be reapplied, 
so it may be possible to re-deposit another carbon layer after a certain number of 
growth cycles. 
4) Despite the high roughness of the crucible, a reflective surface of the Cd(Zn)Te ingot 
has been obtained using the cc-pBN crucible.  This indicates the properties of the 
carbon layer may effectively increase the wetting angle of the Cd(Zn)Te-Carbon-PBN 
interface.  As a result, it is possible that the stress imparted by the crucible wall may be 
reduced through the implementation of carbon coating. 
5) Ingots grown using cc-pBN and cc-Quartz exhibited lower concentration of B and N 
incorporated into the matrix, as was expected.  Cleaning of pBN crucibles using acid 
reagents such as HCL appear to leave residual contamination which could influence the 
compensation mechanism in Cd(Zn)Te. 
6) Indium content and segregation may be influenced by the Type-1 homogenization 
protocol discussed in Section 2 of this chapter. 
7) Detectors grown using cc-pBN crucible and harvested along the axis of growth exhibit 
high resistivity and good functionality as room temperature gamma ray detectors, 
indicating that the cc-pBN technology preserves, if not improves the resultant material 
quality of the process. 
 
Based on these experimental results, further investigation into the wetting properties of 
the cc-pBN crucible is warranted.  Indeed, the ability to decrease crucible wetting may have 
play a large role in reducing dislocations induced by the crucible wall into the crystal 







































































































4.1 Introduction  
Crystal growth of Cd(Zn)Te remains an experimental challenge for achieving large 
volumes of single grain high resistivity material useful for high energy spectroscopy 
applications.  Moreover, the large number of experimental considerations necessary for 
establishing reproducible results makes scientific progress in crystal growth slow and time 
consuming.   
One of the most important parameters relating to crystal growth of Cd(Zn)Te is the 
temperature gradient applied at the solid-liquid interface throughout the growth cycle.  
Indeed, it has been known for some time that crystal growth of Cd(Zn)Te is preferable 
under low temperature gradients to reduce dislocation densities associated with the low 
stacking fault energy of CdTe (49).  This is one of the factors which prohibit liquid 
encapsulated Czochralski method from being implemented in Cd(Zn)Te (50).  The thermo-
mechanical stress imparted by the applied temperature gradient at the solid liquid interface 
may be obtained through second order differentiation of the axial temperature profile, as is 









(ࢠ − ࢠ࢚)ቇ ࢉ࢕࢙ࢎି૛ ቆ ૛∙ࡳ࢚(ࢀࢎିࢀࢉ) (ࢠ − ࢠ࢚)ቇ 
 
In this case, a simplified hyperbolic tangent function has been used for describing a 
furnace which consists of two temperature zones.  The terms Th and Tc are the temperatures 
of the hot and cold zones of the furnace, Gt is the temperature gradient at the turning point 
zt between the two zones.  The reader is referred to (28) for additional details.  The thermo-
mechanical stress function illustrates that (i) fluctuations in the temperature gradient cause 
fluctuations in the thermo-mechanical stress at the solid liquid interface and (ii) decreasing 
the temperature gradient, Gt, reduces the growth induced stress. 
In the VGF method, which has been used extensively throughout this thesis 
investigation, changes in the gradient as a function of axial position also produce non-
uniformities in the crystal growth velocity.  This may be observed using Equation 12, 
which relates the crystal growth velocity, v, to the temperature gradient, “T, by the cooling 
rate of the VGF furnace, ΔT.  In the standard approach to the VGF method, a single cooling 
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rate is used throughout the growth cycle.  As a result, a furnace cooling rate of 0.25 °C-hr-1 
will imply a crystal growth rate of 0.025 cm-hr-1 and 0.05 cm-hr-1 for temperature gradients 
of 10 °C-cm-1 and 5° °C-cm-1 respectively. 
 
Equation 12  ࢜ࡳ࢘࢕࢚࢝ࢎ	࢜ࢋ࢒࢕ࢉ࢏࢚࢟ = 	∆ࢀ࡯࢕࢕࢒࢏࢔ࢍ	ࡾࢇ࢚ࢋ	ࢂࡳࡲ		/		સࢀ࡭࢞࢏ࢇ࢒	ࡳ࢘ࢇࢊ࢏ࢋ࢔࢚ 
 
Finally, the temperature gradient at the solid-liquid interface also plays a role in the 
general growth dynamics described by Equation 13, which is referred to as the heat 
equation.  From this equation, the growth velocity, v , is determined by latent heat of 
fusion, ΔH, and density, ρ, of the compound, as well as the thermal conductivity of the 
solid/liquid phase, λs,l, and the temperature gradient across the solid/liquid bodies, Ts,l.  
Changes in the crystal growth velocity are disrupted by changes in mass solidification and 
latent heat release induced by axial variation in the temperature gradient.  It has been shown 
by that the maximum thermally balanced growth rate (i.e. heat extracted > generation of 
latent heat) occurs for growth rates less than 1 mm/hour, at temperature gradients less than 
10 °C/hour (28).  
 




ࢊࢠ ቁ  
 
In the present investigation, it is demonstrated that by controlling the temperature set 
points of each zone in 5-zone furnace, the axial temperature gradient could be controlled 
through dynamic adjustments made throughout the growth cycle. This adjustment of the 
temperature gradient is intended to keep the shape of the crystallization front stable, by 
keeping the temperature gradient at the interface uniform.  It is important to note that this 
approach has been applied to several crystals, and is now being implemented routinely on 
both 25mm and 50mm ingots.  A detailed study of the electrical properties of two 
representative crystals grown with and without the dynamic adjustment of temperature 
gradient will be presented in this first section.  The next section of this chapter will further 




4.2 Results and Discussion 
4.2.1 Dynamic Temperature Gradients 
The crystals grown without and with dynamic temperature adjustments will be referred 
to as crystal No.1 and crystal No. 2 respectively.  During the growth of crystal No.1 the 
VGF furnace cooling rate was kept constant, with no dynamic changes made to the 
furnaces throughout the growth cycle. As a result of the decreasing temperature gradient 
along the axial direction, the growth velocity also decreases with the increase of the 
solidified fraction, following from Equation 12. 
 Experimental conditions which exhibit non-uniform growth rates are known to not be 
optimal for crystal growth and normally result in deterioration of crystal quality.  This is 
often connected with fluctuations in the resistivity and charge collection efficiency of 
fabricated detectors arising from compositional inhomogeneity and growth related defects.   
The temperature gradients for each of the crystals, derived from the differential 
measurements of adjacent thermocouples, are presented in Table 6 (see Figure 10 page 189 
for experimental pedestal description).  As can be seen, the application of the dynamic 
temperature adjustments has led to more uniform temperature gradients across the entire 
length of the ingots (the term g in this table represents solidified fraction of the ingot).  The 
stabilization of the temperature gradient at the SLI through adjustments made to the set 
point of the hot zones is demonstrated for crystal No.2 in Figure 39.   
 
Table 6  The thermal gradients applied to the grown Cd(Zn)Te ingots. 
Solidified Fraction No.1(111009) 





 ºK / cm ºK / cm 
Tip (0) 17 10 
g = 0-0.25 7 17 
g = 0.25-0.50 8 7 
g = 0.50-0.75 2.5 8-10 
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Indeed, in the following section of this chapter, experimental results of devices 
harvested from crystal grown under similar conditions to crystal No. 2 exhibit such axial 
variation.  Towards the tail end of the ingot, there is a decrease in deep donors associated 
with VCd and an increase in the formation of A-center complexes (see Figure 56 on page 
254). 
4.2.3 Bulk Composition 
Profiles of the Zn and In content of crystals No.1 and No.2 are shown in Figure 46(a) 
and b to illustrate their similarities and differences.  From Figure 41 it is apparent that the 
values of resistivity differ in both crystals. This may be explained in part by the different 
Zn contents of the two crystals:  The measured difference in resistivity is similar to the 
difference which would arise from the bandgap associated with the Zinc content (factor of 
1.3).   
It is also important to take into account the axial variation in the Indium content.  
Indium acts as a donor in Cd(Zn)Te to compensate the formation of ionized cadmium 
vacancies (acceptors) through the formation of A-center complexes.  Therefore, the slightly 
higher Indium content in crystal No. 2 may also explain the higher resistivity which has 
been measured.  The bulk resistivity depends to a large extent of the position of the Fermi 
Level near the mid-gap.  As can be seen in Figure 46(b) the doping level in Ingot No. 2 is 
higher by nearly a factor of 2 for the tail end of the ingot.  This is consistent with the 
resistivity of crystal No. 2 being higher by a factor of 2 for the same region of the crystal. 
The concentration and size of inclusions have been measured using infrared 
transmission microscopy. A summary of the diameter and densities of various Cd(Zn)Te 
samples measured along the growth direction are presented in Figure 47. The average size 
of inclusions in crystal No. 1 was 7 µm, and the average density was 4.2x104 cm-2; in 
crystal No. 2 the average size was 8 µm, and the average square density was 4.6x104 cm-2. 
Therefore, neither the size nor density of inclusions appeared to be significantly affected by 
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4.2.4 Low temperature photoluminescence 
Photoluminescence measurements were obtained using a monochromator coupled  
with Si- and InSb-detectors in the spectral range (0.45–1.8) eV at a temperature of 4.2 K in 
a He cryostat. Samples were excited with a He–Ne laser at a power of 15 mW. The 
resulting spectra were corrected with respect to the sensitivity of the detectors.   
The photoluminescence (4.2K) spectra of crystal No.2 measured in the middle and at 
the end of the ingot are presented in Figure 48.  It is apparent, that the PL intensity of the 
mid-gap level with a maximum at ~0.8eV increases near the end of the crystal. This may be 
explained by a change in the occupation factor the level corresponding to the shift of the 
Fermi level discussed above, and is likely related with increases in the Indium content near 
the tail end of the crystal.  The Indium content in the tail is also likely responsible for the 
A-center complex, located near 1.45eV, becoming the dominant feature in the PL spectra 
taken from the tail of the ingot.  The A-center is related with VCd and donor complexes.  
These results are further corroborated by PICTS measurements of crystals grown using 
similar conditions and doping levels.   
 
Figure 48 Photoluminescence spectra measured with the Si detector along the crystal length in two different 
positions at 4.5K 
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The photoluminescence (4.2K) spectra of crystal No.2 measured in the middle and at 
the end of the ingot are presented in Figure 46.  It is apparent, that the PL intensity of the 
mid-gap level with a maximum at ~0.8eV increases near the end of the crystal. This may be 
explained by a change in the occupation corresponding to the shift of the Fermi level 
discussed above, and is likely related with the increasing Indium content near the tail end of 
the crystal.  The Indium content in the tail is also likely responsible for the A-center 
complex, located near 1.45eV, becoming a dominant feature in the PL spectra taken from 
the tail of the ingot.  The A-center is related to complexes between a VCd and electron 
donors such as Indium.  These results are further corroborated by PICTS measurements of 
crystals grown using similar conditions and doping levels.   
When the mid-gap level occupation decreases due to a change of the Fermi level 
position, transitions of electrons from conduction band to the level become more probable 
resulting in an increase in photoluminescence intensity. Correlation of resistivity and 
photoconductivity profiles with photoluminescence supports the supposition that the key 
factor limiting charge collection efficiency may be the changing of equilibrium occupation 
of the mid-gap level. Indeed, this mid gap level is influenced by Zinc content, doping level 
content, as well as the crystal growth conditions.   This relationship between the resistivity, 
Zn content, and the Fermi Energy is presented graphically in Figure 49.  For increasing 
concentrations of Zinc comes the potential for increasing resistivity material.  However this 
maximum resistivity for each Zinc iso-concentration contour ultimately depends on the 
position of the Fermi level.  In the present case, it depends on the position of the Fermi 





Figure 49  Relationship between the resistivity, Zn content, and the Fermi Energy. 
 
4.2.5 Physical Model 
The measured resistivity and photoconductivity profiles can be qualitatively explained 
by a following model, which is depicted in Figure 50.  
1) The increase in the electrical resistivity results in a corresponding shift of the Fermi 
level. 
2) The occupation of deep levels close to the middle of the bandgap will also change, 
and as a result will influence trapping and recombination rates connected with this 
level.  
The observed anti-correlation between resistivity and photoconductivity observed in 
the first part of the ingot can be explained by a decreased electron occupation of the deep 
level with increasing resistivity caused by shift of the Fermi level towards the mid-gap.   
Decreased occupation of this deep level results in an increased electron trapping and 
recombination.   As such the photoconductivity will decrease.   
This mechanism further decreases the photoconductivity when both the 
photoconductivity and resistivity become correlated. Here the Fermi level continues to shift 
towards the near mid-gap level, decreasing its equilibrium occupation and increasing its 
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From these normalized spectra a few observations may be made.  First, the noise 
threshold at the low energies for each of the devices is similar, which is directly related to 
the resistivity of the device.  Of greater importance, however, are the FWHM of the photo-
peaks, especially that of the 81keV photo-peak.  Broadening of the photo-peak is a 
consequence of a lower mobility lifetime product, and as a consequence a lower charge 
collection efficiency of the device.   Based on the results already presented, this may be 
related with increased charge trapping within the device.  
The conclusion that the dynamic adjustment of the furnace during the growth cycle 
improves the material quality is further supported. 
 
4.3 Conclusions and Future Work 
The results from this investigation may be summarized as follows:   
1) The dynamic adjustments of the temperature gradient results in melting back of the 
crystal during growth.  This small melt-back procedure appears to improve the yield 
by shifting of resistivity maximum towards the crystal center.   
2) Measurement of photocurrent in mapping regime and mapping of the resistivity 
revealed, anti-correlation of these parameters in the beginning and central parts of the 
ingots and their correlation at ingot ends. This fact may be explained by a slight 
shifting of the pinned Fermi level in the vicinity of the deep level energy. 
3) The effect of the dynamic temperature adjustment appears to be beneficial, not only in 
terms of the electrical properties, but also in terms of the structural properties, as is 
evidenced by the increased grain sizes.   
4) This approach is now being implemented routinely in the crystal growth of Cd(Zn)Te, 
with ingots exhibiting similar characteristics.  Of principle importance is that this 
dynamic in-situ adjustment does not degrade the material quality, but serves to 



















































































































There are several challenges to producing detector grade material based on Cd(Zn)Te, 
which includes material synthesis, growth of electrically compensated crystals, as well as 
the extraction of high resistivity material suitable for device applications.  Principle among 
these is the choice of the growth method use for material synthesis and crystal growth.  
One of the challenges towards producing large volumes of compensated material using 
the Vertical Gradient Freeze (VGF) method is the axial and radial variation in material 
homogeneity.  One source of variation arises from non-uniform temperature distribution 
along the axial growth direction.  Indeed, the axial temperature profile and its influence on 
growth velocity and thermo-mechanical stress are discussed in Section 4.1 on page 228 of 
this chapter. 
Another source affecting material homogeneity in Cd(Zn)Te has to do with the non-
uniform distribution of Zinc and Indium throughout the crystal matrix.  For Cd(Zn)Te, the 
segregation coefficient of Zn has been reported near 1.35,  which corresponds to a 
difference of nearly 5% Zinc between the tip and the tail (54).  A discussion of how zinc 
segregation affects mechanical strain in Cd(Zn)Te is presented in (55), and describes how 
changes in the concentration of Zinc leads to misfit strain in the crystal. Very briefly, with 
increasing Zinc content, there is a decreasing lattice parameter.  As a result, near the tail 
end of the ingot where the Zinc content is lowest, there will be a dilation coefficient 
associated with the expansion of material.  This dilation of the material induces strain and 
dislocations into the crystal lattice. 
In fact, strain is one of the more important factors in the crystal growth of Cd(Zn)Te 
because of the low critically resolved sheer stress (CRSS) value for this material (49).  
Sources of strain may be attributed to factors including variation of Zn composition along 
the growth axis, melt-crucible interactions, as well as the temperature gradients applied at 
the SLI.  While it is not possible to control Zinc segregation, and the choices of crucible 
materials is limited, there is some flexibility in the choice of temperature profile applied 
throughout the growth cycle.  In general it is helpful to take into account the following 
experimental considerations: 
 What temperature gradient is applied at the solid-liquid interface? 




With respect to the first point, it has been previously shown that increasing the 
temperature gradient has the effect of increasing the thermo-mechanical stress at the solid-
liquid interface.  Taking into account the volume coefficients of thermal expansion for 
CdTe and ZnTe (βCdTe = 1.5μ 10-5 K-1 and βZnTe = 2.9μ 10-5 K-1 (56) (57) ) it can be shown 
that using a thermal gradient of 10º C/cm will induce close to 2.5 MPa of strain into the 
lattice.  Indeed, this value is on the same order of magnitude as the CRSS for Cd(Zn)Te 
(54).  Therefore, it is of interest to maintain temperature gradients near the solid liquid 
interface at or below this value of 10º C/cm. 
With respect to the second point, it is of practical importance to consider that using 
global temperature gradients on the order of 10 ºC/cm leads to a difference in temperature 
between the tip and tail of the ingot up to 100ºC (for an ingot 10cm in length).  Taking into 
account the melting point of Cd(Zn)Te is near 1100ºC and the softening point of quartz is 
near 1160º, these types of temperature gradients should not be applied for extended 
durations such as those required by crystal growth (200+ hours). 
In this section, methods to reduce the thermo-mechanical stress imparted into the 
crystal have been implemented using dynamic temperature gradients to minimize the 
temperature gradient across the ingot, while maintaining relatively uniform temperature 
gradients at the Solid Liquid Interface (SLI).  How this dynamic adjustment affects bulk 
resistivity and photoconductivity has been investigated in the preceding section of this 
chapter for two typical crystals.  In this study, we investigate test devices harvested from a 
Cd(Zn)Te ingot along the axial direction, and studied in terms of its optical and electrical 
properties.  The objective of this investigation is to study how these temperature 
adjustments (i) lead to variations in material properties and (ii) affect the concentrations 
and types of deep levels present in the test devices. 
5.2 Experimental Methods 
Using dynamic temperature gradients in a 5 zone furnace which have been presented in 
the previous section, high resistivity 25 mm Cd(Zn)Te ingots have been grown using 
Cd(Zn)Te supplied by 5N+.  These ingots were doped using indium to achieve electrical 
compensation between 2-3ppm.  The melt was superheated at following Type 1 
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Homogenization o break apart Te-Inclusions and improve material homogenization 
following the experimental data provided by (58).  It is important to comment that at this 
point of investigation, the Type-2 Homogenization program had not yet been developed 
(see Section 2.3.4 on page 196). 
The axial composition of the as grown 25mm ingots have been characterized using Ion 
Coupled Plasma Mass Spectroscopy (ICP-MS) in order to obtain information relevant to 
Zinc and Indium segregation using a Elan 6000 Perkin Elmer Sciex. 
Cd(Zn)Te devices have been harvested from a single Cd(Zn)Te ingot to evaluate how 
the electrical and optical properties of the devices change as a function of their axial 
position in the as grown ingot.  The ingot was sliced perpendicular to the growth direction 
into a single slab nearly 3 mm in thickness, as shown in Figure 52.  From this slab small 
single crystals were harvested, polished, and electrodes were deposited to fabricate small 
test devices following the protocol described in Chapter IV, Section 3 & 4 (59). The area of 
each test device was ranging from 5x5 to 8x8 mm2.   
 
 
Figure 52 Cd(Zn)Te ingot slicing (a) parallel to growth direction and (b) longitudinal cross sections of the 
Cd(Zn)Te ingot. 
 
For the PICTS measurements, a Lakeshore DRC-91C temperature controller was used 
for controlling the sample temperature.  Pulsed optical excitation was achieved using a HP-
8003A Pulse Generator.  Using this arrangement, 20 µs pulses with a period of 300 – 500 
µs could be used to probe the sample.  The current transient induced by the optical pulsing 
was measured and recorded using a LeCroy 9631Dual 300 MHz 2.5 Gs /s Oscilloscope in 
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conjunction with SULA Technologies Correlators.  Custom developed software was used 
for generating the differential current transient plots as a function of temperature.  Further 
reading on the technological approach to PICTS is more fully presented in in Section 3.3 of 
Chapter 2, as well as in (60) (61) (62). 
5.3 Results & Discussion 
5.3.1 Application of Dynamic Temperature Gradients 
The axial temperature profile was modified through an adjustment in the hot zone in 
order to increase the temperature gradient at certain points in the growth cycle.  These 
periodic temperature adjustments in the hot zone of the VGF furnace are aimed at 
increasing the temperature gradient locally around the SLI as it travels upwards along the 
growth direction.  Presented in Figure 39(b) on page 231 is one example of the dynamic 
temperature profile in which the thermal gradients are periodically increased by adjusting 
(increasing) the temperature of the hot zone.  The temperature measurements have been 
obtained using thermocouples (T/C) distributed along the axial direction (See Chapter 2, 
Section 1, or Figure 10 on page 189 of this chapter).  The beneficial effects of similar 
furnace adjustments on the photoconductivity and resistivity of as grown Cd(Zn)Te crystals 
has been presented in the preceding section (63). 
By dynamically adjusting the temperature gradient with the propagation of the solid 
liquid interface, it was possible to minimize the thermal stress applied throughout the 
growth cycle, while maintaining a constant temperature gradient at the growth interface.  In 
this sense, this approach departs somewhat from traditional VGF growth methods where 
the crystal growth consists of controlled cooling of the furnace elements without the 
dynamic adjustment of temperature gradients. 
5.3.2 Material Composition 
Before presenting the electrical and optical properties of the devices, the axial 
composition of the ingot was first characterized to determine both Zinc and Indium content. 
The segregation of Zinc and Indium plays an important role in crystals grown using 
directional solidification methods such as the VGF technique.  Material was extracted from 
the as grown ingot along the axis of growth for analysis of Zinc and Indium content.   
Presented below in Figure 53 is the axial distribution of Zinc and Indium, which has been 
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5.3.3 Electrical Characterization 
Test devices were harvested from the Cd(Zn)Te ingot parallel to the growth direction.  
The large crystal slabs shown in Figure 52 were cut into wafers, mechanically polished, 
chemically etched using 2% bromine methanol, and electrodes were deposited using the 
gold electroless method.  The lateral edges of the devices were finished following the 
protocol outlined in (59).  Each test devices was first characterized using Current-Voltage 
(I-V) measurement and the hot probe technique to determine material resistivity and carrier 
type respectively.  Presented below in Figure 54 are I-V characteristics for devices 
harvested along the growth axis, as well as the devices.  The dark spot on each of the 
electrodes represents a wax mark which was used for differentiating the two electrodes, 
which exhibit asymmetric characteristics. 
 
 
Figure 54  Test devices (a) g=0.22-0.35, (b) g=0.47-0.62, and (c) g=0.76-0.90.  (d) I-V characteristics 
presented for samples harvested along the axis of crystal growth for different % solidified fraction values (g). 
 
These devices are named according to their position in terms of % solidified fraction or 
´´g´´.  From these I-V characteristics, it is clear that all devices exhibited high resistivity 
and low leakage current, required for spectroscopy applications.  For example, the test 
devices under an electric field 2000V/cm exhibited leakage current near 2 - 5x 10-8 A / cm2, 
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which is a reasonable number for detector applications.  However it is also clear from the 
asymmetry of the I-V characteristics that the leakage current of the device depends to a 
large extent on which electrode is used as the cathode.  What is important to note, is the 
decreasing asymmetry observed with increasing In content.  Indeed, for all the devices 
harvested, there is a monotonic decrease in the asymmetry of the I-V plot. 
A summary of the compositional and electrical properties of the Cd(Zn)Te test devices 
are presented in Table 7.  Here the Zinc and Indium concentration are shown for each 
detector, as is the carrier type and resistivity.  The resistivity was calculated using Ohm´s 
law, in the Ohmic region of the I-V plot.  For decreasing Zinc content, the resistivity 
actually appears to increase, which runs contrary to typical expectations. 
 











0.22-0.35 12 1.5 4.7 μ1010 Type n 
0.35-0.47 11 2.5 5.5 μ1010 Type n 
0.47-0.62 10 3 7.3 μ1010 Type n 
0.62-0.76 8 10 3.4 μ1010 Type n 
0.76-0.90 6 20 8.3 μ1010 Type n 
 
 
5.3.4 PICTS Measurements 
To explain the changes in the asymmetry of the test device I-V characteristics, Photo-
Induced Current Spectroscopy (PICTS) measurements of two devices harvested from g = 
0.22-0.35 and g= 0.76-0.79 have been investigated (see Figure 37 and Table 7).  Indeed, it 
was of interest to investigate how the deep levels may be influenced by the variation in 
material properties induced by the crystal growth process.  The difference in Zinc content 
(6%) and Indium content (18ppm) was substantial. 
The PICTS spectra and the corresponding Arrhenius plot for each test device are 
presented in Figure 55.  The traps are identified by their position in the Arrhenius plot and 
may therefore be correlated as the traps are active in the same temperature and with similar 
emission rates. The levels have been named following the conventions used by A. 
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Presented in Figure 59 are the 35keV and 81keV Photo-peak response of Cd(Zn)Te 
devices to 133Ba.  The FWHM of the 35keV peak was measured to be between 15-20% 
while the FWHM for the 81keV peak was measured near 12% for all devices.   For most of 
the devices which exhibited a Zinc % near 10%, an electric field of 2500 V / cm could be 
achieved.  However, for the device with lower Zinc content, a maximum electric field of 
only 1800 V / cm was used.   
 
Table 8  Trap activation energy, apparent capture cross section, and concentration for devices harvested from 
cc-pBN ingot and studied using PICTS 








 0.15 9 x10
-17 2.6 x1012 
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0.2 9 x10-15 4.2 x1012 
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0.3 4 x10-15 2.4 x1012 
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0.36 2 x10-13 1.6 x1012 
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0.72 3 x10-12 1.3 x1012 
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Figure 59 35keV and 81keV Photo-peak response of Cd(Zn)Te devices to 133Ba. 
 
These results indicate that the dynamic temperature adjustments do not have a negative 
impact on the crystal growth for device applications.  Moreover, despite the seemingly 
large differences in electronic I-V, compositional, and optical properties of the devices, the 
performance of the devices tested did not exhibit as large a variation.   
 
5.4 Conclusions and Future Work 
One of the benefits of the VGF growth method is the ability to dynamically adjust the 
temperature gradients.  It is important to point out that the dynamic temperature 
adjustments maintain the quality of the as grown crystals, without introducing new point 
defects or related levels as has been observed elsewhere.  In fact, the beneficial effects of 
these furnace adjustments on the photoconductivity and resistivity of as grown Cd(Zn)Te 
crystals has been reported in the preceding section (and also published (63))  and these 
results are corroborated here.   
To the Authors best knowledge, this is the first time such dynamic changes in the axial 
temperature profile have been reported for Cd(Zn)Te.  These dynamic temperature 
gradients do not appear to affect strongly mass segregation of either Zn nor In.  In fact, 
there is a large variation in the material properties of a single ingot grown by the VGF 
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method, not only in the bulk composition but also in the electrical and optical 
characteristics, the distribution of second phase inclusions, and also concentration and types 
of traps present in the material.  These features all appear to be strongly influenced by mass 
segregation of Zinc and Indium.  Despite such large differences in the electrical 
compositional properties the test device performance was similar in terms of device 
FWHM.   
 
Further investigation which is warranted by these results will include the investigation 
of Defect Level F, and its relation with Zinc content.  In addition, it is of interest to 
investigate the Etch Pit Density associated with dislocations in the crystal structure.  
Indeed, how these dynamic temperature adjustments affect dislocations in the as-grown 




























































































































The objective of this thesis investigation was the development of crystals for the 
COCAE camera.  For the development of the COCAE instrument, which is presented in 
Section 1.3 of Chapter 1, it was necessary the development of a larger crystal growth 
capacity in order to meet the requirements of the Compton Camera.  Specifically, this 
camera required ten parallel planar layers placed 2 cm apart made of pixilated 2 mm thick 
Cd(Zn)Te crystals occupying an area of 4 cm 4 cm. Therefore, large volumes of uniform 
material were required for detector crystals.   
This problem is illustrated in Figure 60 showing the maximum diameter of the crystal, 
and the size of the detector required by the COCAE camera.  For the 25mm ingots, the 
diameter was insufficient to harvest detector crystals from radial slices, and therefore must 
be cut longitudinally as may be seen in either Figure 40 on page 232 or Figure 52 on page 
248.  Indeed a substantial amount of material was supplied in this form.  The disadvantage 
of this is the large variation in Zinc and Indium content resulting in substantial changes to 
the electrical resistivity.  One example of how this variation in composition (see Figure 53 
page 250) leads to substantial variation in the electrical properties may be seen in Figure 
41 on page 233. 
 
Figure 60  The diameter of Cd(Zn)Te ingots compared with the detector crystal required by the COCAE 
camera.  From a 50mm diameter ingot, three detector crystals could be harvested from each wafer.  Increasing 
the diameter of the crystal to 75mm further increases this number to six. 
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Taking into account (i) the poor axial homogeneity of the crystals with respect to Zinc 
and Indium segregation (ii) the size of crystals with uniform properties required by the 
COCAE project i.e. 15mm x 25mm x 2mm and (iii) the costs associated with crystal 
growth, it was decided to scale the crystal growth capacity in CGL to permit larger 
diameter crystal growth.  This scaling in technology required the development of the 
following processes/technologies 
 
1) Design, construction, testing of new VGF furnace 
2) Ampoule and crucible design and preparation 
3) Material synthesis and melt homogenization 
4) Crystal growth 
5) Ingot slicing 
6) 50mm wafer polishing 
7) Wafer level electrode patterning 
 
Points 1 and 2 are discussed in Chapter 2, Section 1 in which the experimental methods 
which have been applied throughout this thesis are presented.  Point 3, In-situ 
homogenization, is discussed briefly in section 2.3.5 of this chapter, with respect to the 
improvements we have made in melt homogenization of 50mm diameter, 750g ingots.  The 
processes related with ingot slicing, wafer polishing, and electrode patterning are further 
discussed in Chapter 4, related with the preparation of detector surfaces for device 
fabrication 
The focus of this section is the crystal growth phase which has been developed at CGL 
using the Vertical Gradient Freeze method.  Indeed, it is worthwhile reminding the reader 
of the wide range of competing technologies used for bulk crystal growth of Cd(Zn)Te.  
These methods include, but are not limited to Horizontal and Vertical Bridgman (20) (8) 
(19) (16) (27), Vertical Gradient Freeze (11) (14), High Pressure Bridgman (73), Electro-
dynamic Gradient Freeze (74), Travelling Heater Method (75) (76), Vapor Phase Transport 
(12) (77), Solid State Recrystallization (78), De-wetted Crystal Growth (18), as well as 
several other modified furnace geometries and experimental arrangements (1) (79) (23).   
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In addition to this, the experimental geometries, the types of refractory materials used, 
and the crystal growth programs vary substantially between investigators using the same 
experimental arrangement.   
 
6.2 Importance of Furnace Pedestal  
To demonstrate some of the variation in experimental geometries used even for the 
same growth method, examples of different furnace pedestal materials and crucible 
materials which have been implemented for the crystal growth of Cd(Zn)Te are presented 
in Figure 61.  Indeed, not only the furnace pedestal geometry used by each investigator is 
markedly different, but the crucible material used for housing the molten Cd(Zn)Te 
material also changes. 
 Figure 61(a) shows a furnace pedestal constructed from a conical graphite core, with 
an embedded thermocouple which has been used by T. Rule (57).  Furthermore, a conical 
tipped carbon coated quartz ampoule (not shown) was used for containing the melt. Note 
that the shape of the conical pedestal was designed to conform to the shape of the ampoule 
itself.  Despite these considerations, the crystals which have been harvested using this 
pedestal geometry exhibited a high void content in the first to freeze region of the crystal 
(see Figure 62(d) below).   
A novel pedestal was also proposed by (31), was designed for sensing changes in 
impedance associated with (i) melting of Cd(Zn)Te and (ii) nucleation from the melt.  The 
CAD representation of this pedestal is presented in Figure 61(b).  The sensing coils were 
located near the tip of the ampoule wall, while concentric alumina rods were used for 
physically supporting the crucible weight.  In this case, a pBN liner was inserted into the 
quartz ampoule for containing the Cd(Zn)Te melt.   
The sophisticated design of this pedestal demonstrates to some degree the importance 
of this particular component.  This furnace pedestal was developed for monitoring the solid 
liquid interface and melt temperature at the tip of the crucible and to avoid unstable 
solidification at the onset of growth.  This was achieved by ensuring that the charge was 
completely molten at its tip, without incurring large superheats elsewhere in the melt.  As a 
result, large degrees of undercooling were avoided during the melt solidification phase of 
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The purpose of this investigation is the development and implementation of a furnace 
pedestal with integral thermocouples which may be used for (i) controlling growth 
dynamics (ii) to reduce the effects of undercooling, and (iii) and to improve the quality of 
the first to freeze region of the crystal.  The experimental geometries and materials used in 
this work are based on extensive numerical studies (80) (81) (82) (30) (83) (84), in which 
the materials used to modify the thermal environment to facilitate the crystal growth 
process are presented.  Specifically, the implementation of a Silicon Carbide (SiC) ampoule 
support pedestal in conjunction with the conical pBN crucible geometry has the following 
experimental benefits: 
 
1. The SiC pedestal acts as a cold-finger and is designed to (i) increase the axial heat flow 
and (ii) increase the temperature gradient at the crucible tip. 
2. The anisotropic thermal properties of the pBN crucible decrease radial heat flow in 
order to suppress interface deflection through radial heat losses. 
3. The conical shape of the crucible is intended to focus the axial heat flux vectors 
inwards, which should lead to a convex solid liquid interface. 
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A thicker boundary layer will lead to a decrease in the thermal gradient across the melt 
in front of the SLI following Equation 16 where ΔT is the temperature difference across 
the boundary layer, and G is the gradient across the melt 
Equation 16  ࡳ = ∆ࢀ/ࢾ 
It is reasonable to suppose that a decrease in the temperature gradient as the solid-
liquid interface approaches the conical-cylindrical transition will increase the thickness of 
the layer of undercooled liquid ahead of the SLI.   Indeed, taking into account the stagnant 
undercooled liquid of Cell 1 directly above the solid liquid interface, it is possible that 
conditions may exist for nucleation of new grains. 
After passing this conical-cylindrical transition region however, the flow ahead of the 
SLI is replaced by another convective cell flowing counter-clockwise, or upwards at the 
wall and downwards at the center axis (Cell 2). The convection in this cell is orders of 
magnitude more intense, and could serve to (1) suppress the thermal boundary layer by (2) 
increasing the thermal gradient to (3) reduce the thickness of the undercooled melt in front 
of the SLI.  For this reason, it seems probable that we do not observe additional grains 
forming after the conical-cylindrical transition (see Figure 66(d), Figure 67(d), and Figure 
68(d)). 
6.4.4 Heat Flux near Conical-Cylindrical Transition 
Aside from melt convection, the unique anisotropic properties of the pBN crucible 
could also play a role in the formation of new grains at the conical-cylindrical interface. 
The pBN crucible has high thermal conductivity parallel to the crucible wall (a-b axis 60 
W-m-1K-1) and a low thermal conductivity perpendicular to the wall (c-axis 2 W-m-1K-1). 
This encourages heat flux down the crucible axis, while suppressing radial heat losses 
normal to the wall surface.   
As the initial solidification occurs at the tip of the conical region, the pBN and SiC 
thermal conductivity focuses the heat flux such that it is extracted axially down through the 
SiC pedestal. This leads to the formation of a convex interface initially, as the solid liquid 
interface is normal to the axial heat flux vectors 
As the solidification front approaches the conical-cylindrical transition, the SiC 
pedestal has less influence on determining the SLI shape. Additionally, more latent heat is 
generated due to an increase in cross sectional area of the conical region. Taking into 
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account (i) reduced axial heat extraction through the SiC pedestal and (ii) increased latent 
heat production, an inevitable increase in radial heat losses has the effect of reducing 
interface convexity.  In addition, this behavior will be more influential in the vicinity of the 
crucible walls, as solidification proceeds. Finally, when the SLI actually reaches the 
conical-cylindrical transition, the contact angle between the SLI and the crucible wall 
suddenly changes, exacerbating the aforementioned effects on radial heat losses (82) (30). 
 
6.4.5 Observation and Measurement of Nucleation Events 
Using the SiC pedestal in conjunction with the pBN crucible, the onset of crystal 
growth at the tip should be characterized by a higher axial temperature gradient and higher 
axial heat flux.  Indeed, the first-to-freeze (FF) region does not appear to be polycrystalline 
or exhibiting high void content, as has been observed by other investigators using different 
pedestal geometries for the bulk growth of Cd(Zn)Te (see Figure 62).   
Ingot 4, grown without the SiC pedestal, exhibits a polycrystalline grain structure at the 
ingot tip, indicating a difference in the kinetics driving the initial nucleation processes. 
Evidence to support this presumption has been observed experimentally, and is presented in 
Figure 71(a).  Specifically, we may observe the exothermic release of latent heat associated 
with nucleation for ingots grown with and without the SiC pedestal. 
Using thermocouples which have been placed at the first to freeze tip of the pBN 
crucible, temperature fluctuations associated with nucleation and crystal growth may be 
readily detected.  The first case presented is for the Ingot 4, which has been grown with the 
SiC pedestal removed. 
In Region I of Figure 71(a), the temperature of the melt is cooling at the same rate as 
the furnace (0.3o C/ hr).  In Region IIa, near t = 1215-1280, the slope of the temperature 
ramp flattens and no longer coincides with the programmed temperature ramp of the 
furnace. This flattening observed may be a result of the latent heat of solidification, 
effectively slowing the temperature ramp in the melt.   
A pulse of latent heat is detected in Region IIb near t=1280.  It is important to note that 
this occurs at a 1097.5 oC, a temperature nearly 7 oC below the melting point of Cd(Zn)Te.  
Over the course of 2.5 hours, the heat is slowly dissipated until the temperature ramp 
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Table 9  Effects of SiC pedestal on Crystal Growth dynamics measured in-situ 
Observation No Contact with SiC 
Pedestal
Contact with SiC 
Pedestal 
Temperature Spike Associated 
with Nucleation 
0.45 oC 0.15 oC 
Nucleation Temperature 1097.5 oC 1103.1 oC 
Heat dissipation time 2.25 hrs 1.15 hrs 
Axial “T at FF  2.5 oC/cm 3.5 oC/cm 
 
The experimental measurements of the temperature gradient near the tip for each 
growth are also presented in Table 9, consistent with the prediction that using the SiC 
pedestal results in a higher temperature gradient.  It is important to mention that the 
distance between the circumferentially arranged T/Cs and the tip may have influenced the 
measurement.  The actual temperature gradient at the tip is likely to be even higher than we 
have measured, as the effects of the SiC pedestal will become more influential (see section 
7.5 on page 303).  
This increased temperature gradient at the First to Freeze tip bounds the super-cooled 
region of the melt to a smaller volume.  As a result, spurious grain formation is suppressed 
at the onset of nucleation.  All of these measurements seem to be tied to the fact that the 
axial heat extraction will be less efficient in the absence of the SiC pedestal, and will 
require a higher undercooling of the melt to drive the growth.   
Different grain structures are also clearly observed in both cases with and without the 
SiC pedestal. Columnar grains are observed in the case of a SiC pedestal, with relatively 
large surface area perpendicular to the growth direction, extending vertically through large 
volumes of the solid.  In the case where the SiC pedestal has been removed, much smaller 
grains are present, with shorter characteristic lengths both parallel and normal to the 
direction of growth.   
Constitutional supercooling is caused by the presence of a liquid layer in front of the 
interface that is below the local liquidus temperature.  Assuming that Zinc, being the most 
abundant impurity, controls constitutional supercooling, the CdTe-ZnTe phase diagram 
gives a liquidus slope of m= 198 K/molfrac m = 198K/molfrac (93) a partition coefficient 
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of k = Cs/Cl=1.35k = Cୱ/C୪ = 1.35, and a diffusion coefficient of D = 1 μ 10-4 cm2/s (94).  
The molar zinc concentration present is C¶ = 0.1Cஶ = 0.10. In order for constitutional 
supercooling to be avoided, Equation 17 must be satisfied, where V is the interface growth 
velocity and G is the melt temperature gradient in front of the (95). 
 
Equation 17 ࡳ ࢂ⁄ > [࢓ ∙ ࡯ஶ ∙ (ܓ − ૚)ሿ	 	[࢑ ∙ ࡰሿ⁄  
 
Evaluating the right hand side of this expression gives a value of nearly 14 K-hr/cm2.  
Evaluating the left hand side with the measured temperature gradients and growth 
velocities, the smallest values obtained are about 250 K-hr/cm2, which are more than 
sufficient to prevent constitutional supercooling.  Therefore, the small irregular grains may 
not be caused by constitutional supercooling near the propagating SLI.  Several possible 
explanations for the difference in grain structure will be explored in the future, including 
possible heterogeneous nucleation effects.  
Overall, the use of the silicon carbide pedestal seems to lower the undercooling 
necessary to drive the growth of Cd(Zn)Te. As a result, the first to freeze tip exhibits 
improved crystalline quality, without the presence of voids or polycrystalline caps. 
 
6.4.6 Wafer Characterization 
Of principal importance for detector applications are the electrical and optical 
properties of the bulk materials.  Specifically, it is important to obtain high resistivity 
materials, with low concentrations and sizes of inclusions and precipitates.  The leakage 
current in a device acts as a source of noise during the spectroscopy measurements, while 
the second phase inclusions act as scattering centers of the charge induced by the high 
energy radiation.   
Bulk resistivity mappings of wafers harvested from each ingot are presented in Figure 
72.  These wafers represent the typical measurements which have been obtained on several 
wafers from the same ingot.  For Ingots 1 and 2, the bulk resistivity measured for a 5mm 
thick 50mm diameter wafer exhibited resistivity values between 2-3109 Ω-cm uniformly 
across the entire wafer surface.  This mapping presented in Figure 72 corresponds to the 
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By comparing Figure 73(a) with the resistivity mapping of Ingot 3 in Figure 72(c), 
regions which exhibit higher densities of Te-inclusions result in a lower bulk resistivity.  
The Te-inclusions are found in higher densities within the twins present in each waver and 
these areas of the wafer correspond to lower resistivity.  It is important to note that it is not 
the twins which are attributed to the lowering of the resistivity, but the higher density of 
second phase inclusions. Such behavior has also been reported elsewhere, and is consistent 
with the results presented here (9) (96) (97).  Similar uniform distributions of Te-inclusions 
have also been observed in Ingots 1 & 2. 
With respect to Ingot 4, the poor grain structure resulting from the change in furnace 
geometry results in very non-homogenous distribution of second phase inclusions, as can 
be clearly seen in Figure 73(b).   We attribute the non-uniform capture of these second 
phase particles to an unstable growth interface arising from poor axial heat flow, as well as 
to the high number of grain boundaries present within the wafer, to which the Inclusions 
may diffuse.  Indeed, the grains of the crystal may be observed to some extent by the Te-
inclusions.  Such non-uniformity is detrimental to (i) reproducibility of devices harvested 
from the same wafer and (ii) the CCE of harvested detectors.  
To demonstrate the real benefits of the SiC pedestal, however, it was necessary to 
show real improvement in terms of functioning devices harvested from the FF tip of the 
ingot.  In fact, the FF region of the Cd(Zn)Te has normally been associated with low quality 
material due to the lower temperature gradients, an unstable growth interface, and 
uncontrolled growth dynamics, as may be seen in Figure 62. 
Therefore the FF region of Ingot 1 (pictured in Figure 66(a) and (b)), was directly 
fabricated into a planar device.  Presented in Figure 74 is the procedure used for creating 
this test device.  Presented in Figure 75 is the gamma response of the device using 133Ba 
radioactive source.  The inset is a photo of the actual detector which has a thickness of 10 
mm.  For a region of the ingot which is normally polycrystalline, this result demonstrates 
the benefit of using a SiC pedestal.  The latent heat is more efficiently extracted, and the 
super-cooled region is confined to a smaller volume.  As a result, material which is of 
sufficient quality may be harvested for device applications.  It is important to note that this 
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6.5 Conclusions and Future Work 
Based on the experimental work, the capacity to grow larger quantities of bulk single 
crystal high resistivity Cd(Zn)Te has been demonstrated.  Indeed, comparing the resistivity 
of this material with that of state of the art material (discussed in Section 1 of Chapter 4), 
the resistivity clearly comparable for spectroscopy applications.  From this investigation, 
the conclusions are summarized as follows: 
1. Cd(Zn)Te has been grown implementing a furnace geometry designed specifically for 
improving the thermal environment during crystal growth (80)- (83).  As a result, 
relatively large crystal grains and volumes have been obtained for 50mm ingots.   
2. The benefit of using this thermal geometry has been demonstrated by comparing 
Cd(Zn)Te ingots grown with and without the SiC pedestal.   
3. Gamma spectra are presented for planar devices which have been harvested from the 
First to Freeze regions which are most influence by the effects of the SiC pedestal. 
4. The results demonstrate the benefit of using a pedestal with sufficiently high thermal 
conductivity which extracts the latent heat of solidification at the very beginning of the 
crystal growth cycle.   
5. One disadvantage of this geometry however is associated with the conical-cylindrical 
transition of the pBN geometry.  This region of the growth promotes the nucleation of 
new grains from the crucible wall which grow inward.  This feature been attributed to 
the increased radial heat losses at the side walls and very low intensity convection in the 
melt for the convection cell immediately above the SLI. 
 
Based on these results, additional new opportunities for investigation are proposed.  
These include: 
 
1.  The development of a flat bottom pBN crucible without the cylindrical conical 
transition 
 
2. Implementation of Cd-overpressure control using Zone 6 of the VGF furnace. 
 
3. Implementation of a retractable, cylindrical (hollow) SiC pedestal to improve cold-
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Progress has been made over the last decade in not only in crystal growth but the 
development of numerical approaches for engendering a deeper understanding of the 
growth process.  From the simulation point of view, several different claims have been 
presented for optimizing the thermal conditions in an effort to modify crystal growth 
kinetics.  Indeed, simulations have demonstrated that the solid-liquid interface is strongly 
dependent upon the balance between axial and radial heat flow, and that this balance can be 
controlled by the ampoule geometry (80).   
As a first step towards this end, a model has been developed in conjunction with 
Andreas Black based on CAD model of the 6-zone VGF furnace which is presented in 
Chapter 2.  The development of this model has required investigation into the 
thermodynamic material properties of Cd(Zn)Te, as well as the other furnace refractory 
materials used in our geometry.  Based on the CAD model and these material properties, 
preliminary simulation results are also presented in this chapter as a first step towards 
developing a predictive model for Cd(Zn)Te growth. 
We first present the thermodynamic properties of Cd(Zn)Te, followed by a description 
of the CAD model and mesh which has been generated for this geometry.  We conclude 
with two studies which have been carried out related with (i) thermocouple placement 
within the furnace as well as (ii) observed changes in melt convection associated with 
modification of the furnace pedestal geometry, which has been proposed in this thesis. 
7.2 Thermodynamic Material Properties of Cd(Zn)Te 
7.2.1 Heat of Fusion 
The heat of fusion, or latent heat of solidification, is one important parameter for 
developing an understanding of crystal growth dynamics.  Indeed, the gradual change from 
the liquid-phase to the solid-phase and the corresponding release of latent heat has a strong 
influence on the profile of the solid liquid interface (SLI).  As solidification continues and 
the solid phase grows, the thermodynamic parameters such as thermal conductivity and 
heat capacity become increasingly important.  Indeed, the latent heat generated at the 
propagating SLI must be efficiently extracted through the solid phase before the 
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solidification front may advance.  How this heat is removed from the interface plays a 
strong role in determining the crystal growth process. 
 Experimental determination of these thermodynamic properties of semiconductor 
materials such as CdTe and ZnTe requires the implementation of specialized calorimeter 
devices.  In general, II - VI compounds exhibit high dissociation pressures at elevated 
temperatures (98), which results in error in determining their heat contents.  As one 
example, departure from stoichiometry due to the preferential evaporation of Cd would 
produce a melting temperature below the actual melting temperature of the binary 
compound CdTe.  Examples of how this experimental error is taken into account are 
presented elsewhere (99).  Due to the experimental challenges associated with carrying out 
such fundamental measurements, there exist few sources available in the literature with 
such important information. 
The value for the heat of fusion parameter for both CdTe and ZnTe at their melting 
points have been experimentally determined by (100) (101) (102) (103) (104) and are 
presented in Figure 76.  Increasing Zinc content results in an increase in the latent heat 
released throughout the solidification.  Due to the miscibility of CdTe and ZnTe at all 
temperatures, a value of 1.98 μ 105 J-kg-1 (47.6 kj-mol-1) was chosen as an appropriate 
value for the heat of fusion by using the weighted values provided by Yamaguchi (26).   
 
7.2.2 Heat Capacity 
A specialized drop calorimeter is used for the determination of a materials heat 
capacity at high temperatures.  This is measured by bringing the material into thermal 
equilibrium at high temperature, and subsequently dropping the material into a calorimeter 
to measure the heat content of the material.   
The temperature dependence of the high-temperature heat content data may be 
expressed using algebraic parameters following the method outline by (105).  This method 
provides the ability to fit heat content data using algebraic equations for smoothing of 
experimental data and for correlation between low temperature and high temperature data 
sets.  The general algebraic expression used for the fitting is expressed using Equation 18.  
The experimental data for CdTe and ZnTe has been fit setting the parameters C = 0 and E = 
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determined from the boundary conditions at 298.15 K for ܥ௣ − ܥଶଽ଼.ଵହ = 0 and ∆ܪ் −
∆ܪଶଽ଼.ଵହ = 0 respectively. 
 




The temperature dependence of the heat capacity may be represented by differentiation 
of Equation 18 with respect to temperature, as is presented below in Equation 20.  The A 
and B parameters which have been determined thus provide the necessary information with 
respect to the temperature dependence of the heat capacity.  The values for each parameter 
have been obtained from (26) for CdTe(s), ZnTe(s) and CdTe(l). 
 
Equation 20 ࡯࢖ = ࡭ + ૛࡮ ∙ ࢀ − 	ࡰ ∙ ࢀି૛ 
 
In a paper on the Hg-Cd-Zn-Te phase diagram, Yu. And Breberick (104) use an 
equation provided by (106) to extrapolate heat capacity for CdTe from room temperature 
up to near 1100oC.   For ZnTe, they use an equation provided by (107) for extrapolation of 
heat capacity to high temperatures.  Yamaguchi (26) and more recently Pavlova (108) have 
argued that these heat capacities for CdTe are too high based on the experimental work 
originally presented by (109).   
 Presented in Figure 77 is the comparison of CdTe and ZnTe heat capacities 
extrapolated to high temperatures using results from several authors including the original 
results of Breberick (104) as well as their more recently revised values (110) taking into the 
comments by (26) (108).  It is important to comment that in this work, it is presumed that 
these properties do not change substantially between the solid and liquid phases, following 
similar conventions as those outlined in (57).     
The derived heat capacitance data for Cd0.9Zn0.1Te used in this work is presented in 
Figure 77 .  This value has been computed as a weighted average of the CdTe and ZnTe 
heat capacity data sets.  This is permissible due to the miscibility of ZnTe and CdTe binary 
compounds and their thermal properties. The most notable impact of ZnTe incorporation 
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thermal conductivity is fundamental for modeling heat flux through a solid, following 
directly from the heat equation.   
In the work presented by (57) the thermal conductivity of Cd(Zn)Te is determined, 
taking into account the values provided for the thermal diffusivity of 7.5 + 2.5 μ 10-7 m2/s, 
heat capacity of 72 J mol-1K-1, and using a density of 5650 kg-m-3.  The thermal 
conductivity of the solid λSolid calculated is 1.3 W-m-1K-1.  The corresponding value of 
λLiquid is determined using the ratio λLiquid/ λSolid of 1.25.   
It is important to re-evaluate this parameter taking into account more recent 
developments.  Based on the derived heat capacity for Cd0.9Zn0.1Te presented in Figure 77, 
the heat capacity ranges from 56 J-mol-1K-1 at 600oC to near 60 J-mol-1K-1 at 1100oC.  For 
the temperatures of interest near the melting point of Cd(Zn)Te, the thermal conductivity in 
the solid then becomes 1.05 W-m-1K-1.  This is the value used in this work for Cd0.9Zn0.1Te.  
It is likely however that the diffusivity of Cd(Zn)Te may be lower due to the higher zinc 
content.  
 
Equation 21 ࢻ =	࢑	 ൫࣋ ∙ ࡯࢖൯ → 		࢑ = ࣋ ∙ ࡯࢖ ∙ ࢻ⁄  
 
7.2.5 Cd(Zn)Te Melting Point,  
The melting point of Cd(Zn)Te is of fundamental importance to the crystal growth 
process.  To establish appropriate growth conditions such as thermal gradients, 
homogenization temperatures, and crystal growth rates it is fundamental to first have the 
melting point for subsequent growth operations.  This is a very important number because 
throughout literature, it is very common to confuse superheating temperatures with growth 
temperatures, as the distinction between the two is not well maintained throughout the 
literature.   
The melting point of CdTe has been estimated by Yamaguchi to be 1100 + 3 oC (26), 
which is higher than other reported values for CdTe.  Guskov reports for Cd0.9Zn0.1Te a 
melting occurs near 1104ºC (112).  In addition the nucleation process in the homogeneous 
melt is reported to initiate at 1380 ± 1K (1107ºC) and solidification is claimed to complete 
at 1364±1K (1091ºC) (58).   Other techniques have also been investigated to determine the 
melting point of Cd(Zn)Te, such as those used by H.N.G. Wadley with similar results 
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(113).  In general the melting point of Cd0.9Zn0.1Te is likely to be higher than that of CdTe, 
falling between 1104 - 1107oC. 
 
7.2.6 Kinematic Viscosity & Density 
Shcherbak et al. investigates viscosity as a function of temperature η(T), and reports 
the changes in the slope of η(T) at 1385±1K (1112ºC) and 1394±1K (1121ºC) which 
indicate a cluster dissolving mechanism (58). Heating and cooling curves intersect at 
1399±1K (1126ºC) and it was concluded that the heated liquid becomes homogeneous at 
this temperature.   Indeed the viscosity as a function of temperature tends to increase which 
departs from the Arrhenius-like exponential decay which most liquids exhibit i.e. higher 
temperature corresponds to a lower viscosity.  In fact, it is important to comment that these 
results run contrary to the values presented by Glazov et al. (56) for CdTe in 1969. It is 
interesting to note however, that T. Rule uses a high limit of 11,300 mPa-s (2 μ 10-3 m2/s) 
to examine the impact of neglecting fluid flow (57).  The value used by Rule including 
fluid flow was between 1.1-4.5 mPa-s.  
A comparison of the results published by Shcherbak et al. (58) and by Glazov et al. 
(56) are presented in Figure 79 to demonstrate the differences between the two data sets.  
The viscosity of the Cd(Zn)Te melt used in this work is 8 mPa-s based of the recent 
experimental results provided by Schcherbak et al.   
 
7.2.7 Density and Thermal Expansion 
Temperature dependent density measurements from Glazov (56) were used in this 
work.  The density of the liquid and solid phase Cd(Zn)Te is estimated using the known 
densities of CdTe (5.86 g-cm-3) and ZnTe (5.65 g-cm-3) to approximate the alloy density.  
The difference between the solid and liquid phase densities has been observed to be very 
small.  The volume coefficients of thermal expansion for CdTe and ZnTe are βCdTe = 1.5μ 
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It is anticipated that the optical properties of the Cd(Zn)Te melt will not differ greatly 
from the solid near the melting temperature.  This is somewhat justified taking into account 
that the electrical properties of molten CdTe are similar to those in the solid phase i.e. that 
the electrical conductivity continues to increase with temperature (56) (115).      
7.3 Other Material Properties  
It was also necessary to include the thermal properties of the refractory compounds 
which would be incorporated into the 2-D model.  These refractory components were used 
for determination of temperature fields inside the furnace, and therefore only the material 
properties which are required by the heat equation were necessary i.e. thermal diffusivity, 
thermal conductivity, and heat capacity.  Emissivity of these materials was also included 
for the radiation transport model.  
The properties used in this work are presented below in  
Table 10.  It is important to note the relatively high thermal conductivity of Quartz 
with respect to pBN and Cd(Zn)Te which illustrates the limiting factor affecting heat 
transport is the low thermal conductivity of the Cd(Zn)Te solid.  The low density and high 
heat capacity of the alumina wool makes this material appropriate for thermal insulation 
applications.  The high thermal conductivity of SiC is one of the reasons this material was 
chosen as a suitable high temperature refractory for the furnace pedestal. 
 

























Quartz 2.93 1150 N/A N/A 1μ10-6 0.5 N/A 2200 N/A 
Alumina 
Refractory 
0.31 1047 N/A N/A 3μ10-6 0.6 N/A 96 N/A 
Cd(Zn)Te 
(liquid) 









62 750 N/A N/A 2.7μ10-5
 
0.7 N/A 3100 N/A 
Kanthal 
Coils 





2092 N/A N/A 1.4μ10-7
5.4μ10-9 




7.4 Model Development 
7.4.1 CAD Design and Mesh Refinement 
Based upon the 3D CAD model of the VGF furnace, a 2D layout was developed using 
the CGSim software.  From this 2D CAD layout which was generated, a meshing algorithm 
was applied to each distinct structure of the furnace.  Presented in Figure 81 is the resulting 
mesh which has been developed, based on the 3D furnace model.  The upper most part of 
the furnace is closed with a thick alumina blanket (a).  The quartz crucible which has been 
filled with Cd(Zn)Te material was placed inside the VGF furnace on top of the SiC pedestal 
(e).  The SiC pedestal was supported by a quartz support structure (f), which has been filled 
with refractory alumina wool.  The bottom of the furnace is closed with a thick layer of 
alumina wool (g). 
During preliminary trials, there were high residuals found in the lateral edges of the 
ampoule and pBN crucible.   Therefore, a higher mesh refinement was used around crucible 
wall, which was only 1 mm thick (i) and (j).  This mesh refinement basically consisted of 
decreasing the area of each cell to provide a higher density of cells.  A higher mesh 
refinement was also used around Zone 2 of the VGF furnace, a region in which the most 
dynamic behavior is expected to take place during crystal growth cycle.  The difference in 
the mesh structures may be observed in Figure 81. 
Mesh refinement near the growth interfaces is an important consideration which must 
be carefully studied in order to capture the transient behavior near the interfaces of the 
defined materials.  These include the solid/solid interface, solid-liquid interface of the 
Cd(Zn)Te melt, and liquid-gas interface. 
An unstructured mesh was used for all of the furnace components, with the exception 
of the Cd(Zn)Te solid and Cd(Zn)Te melt bodies.  For these bodies a rectangular structured 
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momentum to changes in the pressure gradient ൫– ∇݌൯ stress fields (ߤ∇ଶݒ) and other body 
forces (݂). 
Equation 24 ࣋ ∙ ቀࢾ࢜ࢾ࢚ + ࢜ ∙ સ࢜ቁ = −સ࢖ + ࣆસ૛࢜ + ࢌ 
 
In addition, the heat equation has been used for solving for temperature fields inside 
the furnace geometry.  This equation is derived from the coupling of the conservation of 
energy and Fourier´s law which states that the flow rate of heat through a surface is 
proportional to the negative temperature gradient across that surface following Equation 
25, where k is the thermal conductivity, q is the heat flux, and T is the temperature. 
 
Equation 25 ࢗ = ࢑ ∙ સࢀ     
 
 The heat equation is given by Equation 26, where ߙ	the thermal diffusivity of the 
material, and q is represents heat introduced by some external source i.e. fusion.  These 
second order time dependent partial differential equations may be readily solved using 
computation methods, which rely upon separation constants, as well as known boundary 
conditions, and initial conditions. 
 
Equation 26 ࢊࢀ ࢊ࢚⁄ = ࢻ ∙ સ૛ࢀ + ࢗ 
 
7.5 Simulation Studies 
7.5.1 Study 1:  Thermocouple Shading 
One of the more important and fundamental challenges to the crystal growth process is 
controlling the temperature profile within each zone of the furnace.  In fact, it was observed 
that the control set-point for the furnace and the actual temperature measured within the 
furnace disagreed by more than 20ºC for both VGF furnaces investigated in this work.  
Moreover, this result was not observed on only a single growth using a special conditions 
but in every growth carried out in this work.  Such a large discrepancy between the real 
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correlation at ingot ends. This fact may be explained by a slight shifting of the pinned 
Fermi level in the vicinity of the deep level energy.  The effect of the dynamic 
temperature adjustment appears to be beneficial, not only in terms of the electrical 
properties, but also in terms of the structural properties, as is evidenced by the increased 
grain sizes.   
 
4) Using all of this developed technology, Cd(Zn)Te has been grown implementing a 
furnace geometry designed specifically for improving the thermal environment during 
crystal growth (80)- (83).  As a result, relatively large crystal grains and volumes have 
been obtained for 50mm ingots.  The benefit of using this thermal geometry has been 
demonstrated by comparing Cd(Zn)Te ingots grown with and without the SiC pedestal.  
Gamma spectra are presented for planar devices which have been harvested from the 
First to Freeze regions which are most influence by the effects of the SiC pedestal.  The 
results demonstrate the benefit of using a pedestal with sufficiently high thermal 
conductivity which extracts the latent heat of solidification at the very beginning of the 
crystal growth cycle.   
 
5) A 2-D model for the simulation of crystal growth applied towards Cd(Zn)Te has been 
developed.  Preliminary studies using this model have given insight into the position of 
the thermocouples inside the furnace, as well as the role played by the SiC pedestal 
during the growth cycle, as well as nucleation which may occur at the melt surface. 
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This chapter presents original results which have been produced during this thesis related 
with development of detectors based on Cd(Zn)Te.  This chapter is divided into six sections, each 
related with a distinct aspect of detector development. 
In the first section, state-of-the-art commercial detectors are characterized in terms of their 
electrical, optical, and detector characteristics.  In addition, the defect structure of these devices is 
compared with those grown in this thesis investigation in order to highlight some important 
differences.  These detectors were intended to serve as a reference for comparing the devices 
which have been developed in this thesis investigation. 
In the second section of this chapter, the device fabrication protocol which has been 
developed over the course of this thesis investigation is presented.  This includes wire-saw 
cutting, wafer lapping, polishing, chemical etching, as well as a novel surface cleaning procedure.  
These processes are necessary for preparing the surface of the detector material for subsequent 
metallization and electrode deposition. 
In the third section, the type of surface treatment given to the lateral sides of a functioning 
detector is investigated, for the first time.  Not only does the deformation of the Cd(Zn)Te surface 
by slicing and lapping impart dislocations into the material, but the extended depth of these 
defects could provide a larger volume of avenues for the surface leakage current to pass between 
anode and cathode and effectively degrade the signal to noise ratio of the detector.  The lateral 
edges of the detector may act as a ‘short circuit’ under the correct circumstances.  For this reason, 
special consideration to the treatment to the lateral sides is required, in order to identify practical 
methods for enhancing detector performance. 
Section 4 of this chapter presents results from an investigation of the deep centers states 
induced by the lapping process.  In order to study the deep centers present in Cd(Zn)Te devices 
and how these two treatments affect these energy levels, Photo Induced Current Transient 
Spectroscopy, or PICTS, has been used.  PICTS is a technique whose technology has been 
developed over the past several decades for the analysis of the electronic properties in a number 
of semi-insulating materials 
325 
 
Section 5 presents results related with crystallographic twinning in Cd(Zn)Te.  The objective 
of this investigation is to study the effects of twinning on the surface and bulk properties of 
Cd(Zn)Te.  While the structural properties of twinning may have a negligible impact on the 
electrical properties of Cd(Zn)Te devices, these twins act as gettering planes, and also produce 
changes in the direction of the Cd-Te electric dipole.  Furthermore, how the surface termination 
may affect surface states induced by the surface polarity is investigated. 
Finally, in Section 6, an investigation into the asymmetric electrical I-V characteristics has 
been undertaken.  This investigation has been carried out with three objectives, all oriented 
towards establishing reliable methods for the selection of the anode and cathode surfaces, 
independent of the crystallographic orientation.  The objectives of this study are  
1) to investigate how the asymmetry in I-V characteristics of Cd(Zn)Te devices is associated 
with the TeO2 interfacial layer using RBS to study the structure at the Au-Cd(Zn)Te interface  
2) Develop an understanding of how the concentration of traps in Cd(Zn)Te varies with the 
external bias polarity using PICTS to measure the energy and concentration of deep centers and  
3) Propose non-destructive methods for selection of the anode and cathode which are not 
sensitive to crystallographic orientation i.e. chemical etching.  
 
The results from each of these investigations represent the original work carried out during 
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Presented in Figure 4 are the I-V characteristics for each commercial detector.  Current - 
Voltage characteristics were measured using a computer-controlled Kiethley 2400 source meter 
to measure the detector leakage current under an external bias ranging from -200 V and +200 V.  
From these measurements, the I-V characteristics may be normalized in terms of current density 
and electrical field using the detector cross sectional area A, thickness δ, (see Figure 1), and by 
measuring the slope of the I-V characteristic using Equation 1.   
 




These characteristics exhibit a few interesting characteristics worth discussing.  First of all, 
each detector exhibits Ohmic-type contacts, which are preferable for detector applications.  
Ohmic contacts are those which exhibit negligible contact resistance, such that the voltage drop 
across the semiconductor-metal contact region is negligible compared to the voltage applied 
across the device.  For these reasons they are referred to as non-injecting or non-blocking as the 
current is nearly free to move across the metal-semiconductor junction under external bias.   
This relationship describing the Ohmic behavior of the metal contacts be expressed using 
Equation 2, such that the exponent b describes the Ohmicity of the metal-semiconductor junction 
i.e. for ideal Ohmic contacts b = 1.  With the exception of Device A which exhibited an exponent 
of 0.67, each of the other three devices B, C, and D each exhibited exponents very close to 1.  
The values obtained from the numerical fitting of experimental data are presented in Table 2 on 
page 338. 
 
Equation 2  ࡵ(ࢂ) = ࢇ ∙ ࢂ࢈ 
 
Secondly, the low leakage current and correspondingly high resistivity of the devices 
demonstrates that these devices may be suitable for gamma-ray spectroscopy applications.  
Specifically, the devices exhibit between 1-4 nA leakage current per 100 V/cm of applied electric 
field.  However, it is interesting to note that the resistivity determined from the I-V characteristics 
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B exhibits a Zinc content between 9-10%, while the crystal grown by UAM exhibits a Zinc 
content near 13%. 
The broad band centered about 1.4 eV may be related with surface damage or trace 
impurities, but in general has been attributed to family of crystalline point defects generally 
referred to as the A-center family (1) (2) (3) (4) (5), or Trap A.  This family of point defects have 
been associated with cadmium vacancies forming complexes with metallic donor impurities such 
as [VCd, InTe], but have also been attributed to impurities on Cd sites (6).  The transition occurs 
with the valance band, thus exhibiting acceptor character, such that the activation energy of this 
defect may be described Ea = Ev + 0.16.  As may be seen from the CL spectra, the peak emission 
associated with this band is much more intense in the UAM crystals than in the commercial 
devices investigated.  Indeed, this higher intensity in the CL spectra corresponds to a higher 
luminescence and thus may indicate a higher concentration of these complexes.  We attribute 
these differences in concentrations to the growth method which has been used for material 
synthesis (discussed in more detail below). 
The wide band centered about 1.05 eV has been attributed to ionized VTe+ and is referred to 
as Trap I following the naming convention proposed by (1).  For the UAM grown samples, the 
concentration of this defect is relatively lower than the commercial detectors.   
The narrow trap centered about 0.8 eV may be the trap referred to as Trap H1, which has 
been identified as a mid-gap donor level associated with Cl induced deep level in CdTe (1).  This 
energy level is observed to be more intense for the commercial samples, which may suggest 
higher doping levels and the use of Cl as a dopant for achieving electrical compensation.  This 
quite possibly may explain the lower intensity of this particular trap, as In has been used for 
achieving electrical compensation in the case of the UAM grown crystals.  GDMS measurements 
of UAM grown crystals has also indicated the presence of Cl in low concentrations, which we 
attribute to the crucible cleaning procedure (see Chapter 3, Section 3). 
The last defect observed in the CL spectra is centered about 0.7 eV and is likely the deep 
center responsible for pinning of the Fermi level. This defect has been attributed to an acceptor 
complex associated with the native defect VCd and a donor impurity, and has been termed Trap H 
throughout the literature (1).  As the concentration of Trap A is more intense in the UAM grown 
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These differences in the CL spectra may possibly be explained through (i) the choice of 
dopant used for achieving electrical compensation and (ii) the growth technique used.  
Specifically, the crystals grown in this thesis investigation were done so using the VGF method, 
using In as a dopant for achieving electrical compensation.  More importantly, no system for 
controlling the Cd-overpressure has been employed, which appears to result in a higher 
concentration of defects associated with cadmium vacancies.  Indeed, the commercial crystals 
have been grown using the high-pressure Bridgman method in which a large overpressure is 
applied to reduce the concentration of cadmium vacancies.  Therefore, it seems plausible that 
these defects associated with cadmium vacancies may be suppressed.  The fact that the Trap H1 is 
also observed in the UAM crystals, may be attributed to residual trace impurities arising from the 
crucible cleaning using Aqua Regia.  This has been demonstrated by GDMS measurements 
presented in Section 3 of Chapter 3. 
 
2.6 Spectroscopic Performance 
Spectroscopic gamma ray measurements were carried out on the commercial detectors A, B, 
and D.  Using a Barium radioactive source, the 35KeV and 81KeV photon response was 
measured.  The samples were biased at 1000V-cm as well as 1500V-cm, but the difference 
between the photo response was negligible using this experimental setup.  For Detector A and B 
biased at 1000V/cm, a FWHM of 3.1%, 1.62%,was obtained for the 81keV photo-peak, as may 
be seen below in Figure 8.  These measurements clearly demonstrate the high spectral resolution 
of commercially available devices.  A summary of the compositional, electrical, and 
spectroscopic properties of these detectors is presented in Table 2. 
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1. State of the art spectrometers have been characterized in terms of the optical, electrical, and 
compositional properties.   
2. Resistivity measurements of detectors exhibit low leakage current and exhibit Ohmic 
contacts. 
3. CL measurements of the bulk material demonstrate the defect structure of these materials, 
which is substantially different than the materials grown by UAM.   
4. Based on the CL measurements of commercial detectors, the defect structure of these 
materials may indicate a suppression of the formation of VCd.  Indeed, this may be associated 
with the growth technique (High Pressure Bridgman) in which a high overpressure is used to 
prevent Cd loss and the formation of vacancies.   
5. These detectors biased at 1000V/cm, exhibited a FWHM between 2% and 3% for the 81keV 




This page intentionally left blank.  
341 
 
3 DEVICE FABRICATION AND SURFACE PREPARATION 
Section	Contents 
 
3.1  Introduction ............................................................................................................. 342 
3.2  Sample Preparation Equipment ............................................................................... 343 
3.3  Ingot Slicing Protocol .............................................................................................. 344 
3.4  Wafer Lapping ......................................................................................................... 348 
3.4.1  Lapping Protocol .............................................................................................. 351 
3.5  Mechanical Surface Polishing ................................................................................. 352 
3.5.1  Polishing Protocol ............................................................................................ 354 
3.6  Chemical Polishing .................................................................................................. 356 
3.7  Chemical Etching .................................................................................................... 360 
3.8  Surface Cleaning ..................................................................................................... 363 
3.8.1  Capillary Force Templates (CFTs) .................................................................. 363 
3.8.2  Surface contamination ...................................................................................... 364 
3.8.3  Implementation of CFTs .................................................................................. 371 
3.9  Electrode Deposition ............................................................................................... 371 
3.9.1  Photolithographic Methods .............................................................................. 373 






Preparation of Cd(Zn)Te based detectors for x-ray and gamma ray applications involves the 
implementation of several classical semiconductor processes such as wire saw cutting, wafer 
lapping, chemical and/or mechanical polishing, and chemical etching.  These processes are 
necessary for the extraction and preparation of detector material suitable for metallization and 
electrode deposition.  The preparation of Cd(Zn)Te is normally carried out in stages, each 
designed with distinct objectives, procedures, and figures of merit.  These stages may be divided 
into the following groups, each with altogether different aims and procedures. 
 
 Ingot Slicing 
 Wafer Lapping 
 Mechanical Polishing 
 Chemical Polishing 
 Chemical Etching 
 Surface Cleaning 
 Electrode Deposition & Patterning 
 
As was briefly mentioned in Chapter 3, increasing the diameter of crystal growth 
necessitated the development of complimentary processes in order to efficiently extract material 
from the as-grown ingot, and prepare this extracted material into functioning detectors.  Indeed, 
the development of ingot slicing technology, wafer lapping and polishing protocol, and the 
deposition of electrodes is non-trivial and required substantial investigation.   
Presented below in Figure 9 is a generalized process flow, which has been developed during 
this thesis investigation for 50 mm diameter ingot.  Indeed, each of the processing steps 
illustrated above required substantial investigation for achieving uniform and reproducible 
results.  It is important to also comment that the processes presented here remain valid for the 
smaller ingot and wafer processing as well.  The end result of this investigation is presented here, 
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3.5  Mechanical Surface Polishing 
The process of mechanical polishing involves the abrasion of material from the surface by 
using soft polishing cloths and abrasive slurries, in which the abrasive is, to some degree, fixed 
within the pores of the polishing pad.  The net size of the exposed particle is reduced and the 
surfaces produced are reflective.  In this aspect, mechanical polishing is differentiated from the 
previous lapping stage, for which the abrasives are free to roll across the lapping plate. 
Furthermore, mechanical polishing differs from the previous lapping stage in its principal 
aim.  While the lapping process does remove a significant degree of the damage layer induced by 
the wire saw, the principle aim of lapping is to obtain planar samples which exhibit a high degree 
of parallelism between opposing surfaces.  The objective of the polishing process is to reduce the 
amorphous layer and sub-surface damage layer imparted by the mechanical cutting and lapping 
process.   
Presented in Figure 21 is a schematic representation of the damage layer, δ, induced by saw 
cutting, lapping, and polishing.  Yoon et al has studied the effects of saw-cutting, lapping, and 
polishing on the sub-surface disorder of Cd(Zn)Te using High Resolution X-ray Diffraction 
(HRXRD) (9).  Indeed, these results have shown how the damage layer may be reduced through 
the implementation of the correct lapping and polishing protocol.  The extended thickness of this 
damage layer may be estimated to be three times the diameter of the abrasive used, such that 
using a 3 µm abrasive would require a 9 µm surface layer be removed by the polishing process. 
Therefore, the surface polishing is normally carried out in sequential steps, with decreasing 
abrasive grit sizes to achieve this end.  There have been several different processes reported for 
Cd(Zn)Te using diamond grinding wheels (10), alumina oxide (11) (12), or magnesium oxide 
based slurries with abrasive sizes varying between 0.5-3 μm suspended in DI water.  Still others 
have implemented processes using colloidal SiO2 nanoparticles (13) to achieve the desired 
surface finish.  In this work, different abrasive sizes have been tested to identify a linear protocol 
which may be used for the preparation of Cd(Zn)Te radiation device electrode surfaces. 
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3.6  Chemical Polishing 
Chemical polishing of Cd(Zn)Te remains an experimental challenge for the preparation of 
pristine surfaces.  There only a small set of papers which discuss the principles of chemical 
polishing with respect to Cd(Zn)Te, including the paper by Singh et al., which outlines the 
optimization of several physical parameters for Cd0.96Zn0.04Te used to meet the demands for thin 
film growth by Molecular Beam Epitaxy (15).  P. Morovec et al. presents the effects of load, 
chemical slurry concentration, bromine concentration, and pad type on material removal rates 
(12).  Still other results have demonstrated that using weaker oxidants based on iodine with lower 
redox potential value, compared with bromine, the surface may be more stable with time, and 
with a surface roughness comparable to that obtained using bromine based slurries (16). 
After the 1µm mechanical polishing step, the samples have been chemically polished for 60 
minutes using the chemical polishing solution proposed by Singh et al. in conjunction with the 
CP3000 system.  Typical surfaces polished using this chemical polishing solution are presented in 
Figure 29 and Figure 31.  It is important to comment that this step was only carried out on 
samples up to 2cm x 2cm in area, and only for special investigations.  In general chemical etching 
has been the preferred method for post-polishing surface preparation. 
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3.7 Chemical Etching 
To eliminate the small damage layer created by the mechanical polishing process, chemical 
etching of the surface has been extensively employed throughout this investigation.  Indeed, a 
thin damage layer imparted by the abrasive polishing agents may produce electron trapping 
centers, reducing the performance of the detector. Therefore, a final chemical etching step has 
been introduced to remove the damage layer imparted by the mechanical polishing operations 
used in this investigation (17). 
The HRXRD taken at CGL and presented in Figure 32 further demonstrate the strong 
influence of the damage layer imparted by the mechanical lapping and polishing operations on 
the crystalline quality at the surface (see Figure 21).  The same sample was treated using 3µm 
Al2O3 lapping, 1µm Al2O3 polishing, 1µm diamond polishing, and 2% bromine methanol etching.  
The surface showing the most intense XRD peak is obtained after chemical etching, where the 
measured full-width-at-half-maximum (FWHM) value of etching sample was 68”, significantly 




Figure 32 XRD peak of the same Cd(Zn)Te sample obtained after lapping, polishing, and chemical etching. 
 
It has also been demonstrated how the roughness of the Cd(Zn)Te anode and cathode plays a 
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Despite the useful quantitative data provided by EDS, it is not efficient to study surface 
cleaning methodology using this technique.  This is partly due to the limited sample size, the 
limited sampling area, the possible sources of contamination which may be incurred due to 
sample handling, mounting and loading into the EDS vacuum system to name a few reasons.  
Instead, a quick method which can be used both at the microscopic level, as well as over much 
larger areas was necessary. The Brightfield (BF) and Darkfield (DF) microscopy modes were 
used to achieve this capability.   
Samples were processed using the 3 μm Al2O3 and 1 μm diamond mechanical polishing 
protocol, as well as the chemical polishing protocol previously described.  To demonstrate the 
effects of these processes on surface contamination, Brightfield (BF) and Darkfield (DF) images 
of the wafer surface immediately before and after each process to illustrate the differences.  
Furthermore, the surface was also characterized immediately following the wax-de-bonding stage 
to illustrate the effects of the wax removal process on the wafer surface condition.  It was critical 
that these images were taken at the same time as the process to avoid environmental sources of 
contamination.  The particles on each surface were then counted and sorted according to their 
diameter for comparison.   
Presented in Figure 38 are 50x magnifications of the Cd(Zn)Te samples after each respective 
surface treatment, for both BF and DF microscopy modes.  Samples polished using a 3 μm Al2O3 
abrasive, exhibited a surface roughness as high as 30 nm, as measured by the Atomic Force 
Microscope.  As may be seen in Figure 38(a), the high surface roughness has made it difficult to 
extract surface particulate information from the sample in both BF and DF mode, as the surface 
exhibits a large degree of scattering.  Though the surface particulates are clearly present on the 
surface, it is difficult to separate the particulates from the visible scratches on the surface for 
analysis. 
Samples polished using a 1 μm diamond abrasive, however, exhibit a lower surface 
roughness between 2-5 nm, as measured by the Atomic Force Microscope.  This procedure 
produces a uniform surface finish across the entire wafer, albeit with a high density of very fine 
scratches and also exhibits a significant density of foreign particles on the surface.  As may be 
seen in Figure 38(b), these fine scratches are visible in the DF mode, while they are not visible in 
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the BF mode.  Furthermore, due to the low roughness of the surface, the surface particulates may 
be differentiated from the background and counted.   
After mechanical polishing using the diamond abrasive, the wafer was chemically polished 
for using the chemical polishing solution proposed by Singh et al (15).  The surface immediately 
after chemical polishing was captured using the DF microscopy in order to demonstrate the 
pristine nature of the surface after chemical polishing.  This may be seen by the absence of 
features in Figure 38(c).  Indeed, the surface had to be scoured for any objects for which to focus.  
The particle counts for the DF images were practically null across the wafer surface as nearly no 
particulates were observed across the surface. 
The same wafer was subsequently de-bonded from the wax carrier using standard wax 
removal solvents.  The sample was dried and characterized again using DF microscopy.  
Presented in Figure 38(c) and (d) are 50x magnifications of the surface of polished Cd(Zn)Te 
after chemical polishing and wax de-bonding.  The results demonstrate that the wax removal 
process can actually introduce a very large amount of surface contamination.   
Presented below in in Figure 39 are typical particle class counts for each above mentioned 
processes normalized for surface area.  With respect to the 1µm diamond polishing process, it 
was observed that the particulates appear in concentrations larger than 200 mm-2 for particle class 
sizes between 2-3µm.  These small particulates are associated with slurry residue adhering to the 
surface after the polishing operation and not being removed efficiently.  For the larger diameter 
particles, their density falls quickly for increasing particle class, and is less than 10 mm-2 for 
particles larger than 10µm.  These larger particles are likely associated with the slurry residue 
conglomerating into larger particulates as the surface dries.  
Immediately after chemical polishing, the surface particle counts are practically null across 
all particle classes.  However, after wafer de-bonding and the subsequent wax removal processes, 
the surface concentration of particulates increased orders of magnitude across nearly all particle 
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Figure 39  Surface particle density on polished Cd(Zn)Te after different surface treatments 
 
Single microscope images of the surface provide a more macroscopic picture than the 
Atomic Force Microscope, but still exhibit substantial variation depending on where on the wafer 
surface the image is taken.  This is in addition to all the statistical factors influencing particle 
adhesion to the surface.  In fact, there are large non-uniformities in particulate concentration 
arising from how the surface is dried after the polishing operation as well.  Therefore, an optical 
mapping of a 25mm x 12 mm Cd(Zn)Te sample is presented in Figure 40, to better represent 
these differences. 
Figure 40(a) represents the surface after 1 µm diamond polishing.  It is interesting to first 
note how the concentration of particulate matter is highest near the edges of the sample as may be 
seen by the high density of white dots.  This segregation of particulate matter is related with the 
way in which the slurry is removed from the surface, and the surface is dried.  When the surface 
is rinsed with a cleaning agent such as Isopropanol and dried using nitrogen, a large part of the 
particles adhering to the surface are removed by the solvent.  The solvent however, transports 
these particulates away from the center to the edge.  When the solvent dries, there is a deposit of 
abrasive particulates at the edge.  In general, the particles are small in size, and are present in a 
relatively high density.   
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Efforts to reduce the size and density of second phase inclusions in Cd(Zn)Te are therefore 
also important from the perspective of surface preparation.  We have observed that for larger Te 
inclusions, between 20-30 µm, the impact on surface morphology is substantial.  During the 
chemical polishing process, the Cd(Zn)Te surface reacts with the chemical slurry faster than the 
second phase Te-inclusion.  As a result, the bulk material surrounding the inclusion is slowly 
removed until the inclusion is released from the Cd(Zn)Te matrix.  This leaves behind a 
depression in the surface where the second phase inclusion had once occupied.  This change is 
detected by the optical microscope in DF mode as light is scattered by this surface depression.   
It is also very likely that larger inclusions (>20 µm) may deeply scratch the surface as they 
are released from the Cd(Zn)Te surface.  This behavior has not been observed for mechanical 
polishing where the material removal is mechanical in nature and therefore indiscriminate 
between Cd(Zn)Te and Te inclusions.  However this has been repeatedly observed for samples 
after chemical polishing which have large inclusions.  The scratching can be so severe that the 
samples must be re-processed entirely.  For smaller inclusions, less than 10 µm in diameter, this 
occurs less frequently.   
Figure 40(c) is a mapping of the surface of the same Cd(Zn)Te wafer after the wax removal 
process.  After the chemical polishing process, the wafer is removed from the wax fixture, 
cleaned, and rinsed.  After this cleaning process, it becomes evident that the pristine surface has 
been compromised to a large degree.  The surface exhibits very high densities of particulate 
matter distributed uniformly about the sample surface, and consistent with the particle counts 
presented in Figure 39:  orders of magnitude higher densities of particulates, with quite large 
particulates present 
These particulates are thought to be associated with wax from the backside of the wafer 
being removed by the solvent and transported to the front side of the surface of the wafer during 
the rinsing operations.  In general, these small particulates are very difficult to remove.  That this 
contamination is strongly adhering to the surface, and may be non-polar in nature, suggests that it 
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evident that this reproduction begins to lose fidelity for feature sizes smaller than 100 x 100 µm.  
In some cases, the features do not even appear in the transparency.  However, for features with 
dimensions 250 x 250 µm and larger, the reproduction appears of sufficient quality for laboratory 
purposes.   
Patterned electrodes with the desired geometry were prepared using the 2-D CAD 
representation.  This particular mask was designed for detectors 10 mm x 10 mm in size. The 
configuration of this pattern consists of an external guard ring circumventing each detector, for 
eliminating surface leakage current.  A steering grid runs between each of the individual 
electrodes arranged in a 3 x 3 array.  The size of each pixel is 1.5 mm x 1.5 mm square.   
To prepare Cd(Zn)Te detectors for electrode patterning, the electrode surfaces were prepared 
using methods discussed in Sections 3.3-3.9.  A Class 4 cleanroom facility was used for chemical 
etching and electrode patterning.  Immediately after chemical etching using Br2 methanol, the 50 
mm wafers were spin-coated using 2 mL of S1813 G2 Photoresist to deposit a thin film of 
photoresist on the electrode surfaces.  These wafers were spin-coated at a velocity of 2000 RPM 
for 20 seconds.  The samples were immediately baked at 90ºC for 20 minutes to dry and harden 
the photoresist.  Using these methods, a photoresist coating thickness of nearly 1 µm was 
expected.   
After the photoresist hardens, the detector material is loaded onto the Karl Suss MJB 3 Mask 
Aligner for mask exposure.  Each sample was exposed for 4 minutes, a time experimentally 
determined to be sufficient for the photolithographic process.  The detectors were subsequently 
immersed in a developer bath, and thoroughly cleaned using deionized water.  After this final 
photolithographic step, it was possible to see the photoresist pattern in order to ensure all of the 
preceding steps were carried out correctly.  The patterned wafers are then immersed in an Au-
electroless bath for contact deposition for 5 minutes.  Presented in Figure 45 are photos of typical 
50 mm wafers after photolithographic patterning and gold deposition. 
To determine the Au electrode geometry was consistent with the mask, optical microscopy 
methods were employed to evaluate the uniformity and quality of patterning and electrode 
deposition.  Presented in Figure 46(a) and (b) is an optical mapping of one of the 50mm wafers 
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several new processes have been developed and this technology has been scaled and implemented 
on 50 mm diameter wafers.  We conclude the following 
1. A diamond wire saw mounting fixtures has been designed and implemented for 
effectively cutting 50 mm Cd(Zn)Te ingots, reducing wafer bowing, TTV, and improving 
the yield of useful material.  
2. A multi-stage lapping, mechanical polishing, and chemical etching process has been 
developed which produces surfaces with roughness < 2nm, and improving the near 
surface crystalline quality. 
3. One of the major sources of surface contamination in the surface preparation of Cd(Zn)Te 
has been associated with the wax de-bonding process.  
4. CFT templates have been implemented to successfully reduce surface contamination 
across all particle class sizes of polished wafers 
5. Methods for deposition of Au electrodes have been developed for both planar and 
patterned electrode geometries, using a photolithographic approach and LaserJet printing 
technology. 
 
Further work on following this line of investigation will include the further development of 
the chemical polishing protocol for 50mm diameter wafers, the development of wafer annealing 
to eliminate large inclusions which tend to scratch the wafer surface, as well as further 
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4.2.2 Processes Applied to Detector Fabrication 
Wafers were sliced from the ingot using a diamond wire saw, and subsequently lapped and 
polished using a Logitech PM5 and CP3000 respectively. Detector material with dimensions of 8 
mm x 8 mm x 1.5 mm and 15 mm x 25 mm x 2 mm were used in this work.  Prior to 
metallization, samples were etched in 2% Bromine methanol for 30 seconds.   Contacts were 
deposited using the gold electroless method. More detailed information regarding this technique 
has been reported elsewhere (25) and are described in the previous section. 
After electrodes were deposited, the lateral edges of the detector were treated using lapping 
and polishing processes, as may be seen in Figure 48.  It is important to comment that this lateral 
edge treatment was a necessary step to remove the gold from the electroless process.  The effect 
of each subsequent surface processing step on leakage current and gamma response is presented 
in this work. 
The abrasives used in this work for lapping and polishing the edges of the detectors include 9 
μm Al2O3 and 3 μm Al2O3 distributed by Logitech, UK as well as 1 μm mono-crystalline 
diamond distributed by Eminess Technologies (U.S.).  The chemical polishing solution used in 
this work is that reported by Singh et al consisting of Br2 in ethylene glycol (15). 
The lateral edge treatment applied to each detector included both lapping and polishing 
processes.  Only the 9µm and 3µm Al2O3 abrasives were used for lapping the lateral edges of the 
detector.  Hereafter, these processes will be referred to as LEL-9 and LEL-3, which signifies 
Lateral Edge Lapping using 9μm Alumina.   
For the mechanical polishing process, the 3µm Al2O3 and 1µm diamond abrasives were 
investigated.  As already mentioned a 2% Br2 in ethylene glycol solution was also used for the 
chemical polishing process. Hereafter, these processes will be referred to as LEP-3, LEP-1, and 
LEP-CP respectively.  This naming scheme signifies Lateral Edge Polishing, using the respective 
polishing process of 3µm Al2O3, 1µm diamond, and Chemical Polishing. 
 
4.2.3 Characterization Techniques and Methodology 
Current-Voltage characteristics of detectors with planar contacts were measured using a 
Keithley 2400 source-meter, from which bulk resistivity could be determined for each detector 
after surface modification.  The change in surface area of each detector as a result of the 
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lapping/polishing process was also taken into account when calculating current density.  As the 
bulk resistivity of the material remains constant after each process, changes in I-V are attributed 
to changes in surface leakage current associated with the lateral edge treatment. 
Bulk resistivity was measured using Equation 5, where A is detector area, ρ is the sample 
resistance determined from the I-V curve and δ is the detector thickness. 
 
Equation 5   ષ = (࡭ ∙ ࣋)/ࢾ 
 
Samples prepared for CL measurements were cut from the same region of Ingot 3.  In total, 
five samples were prepared, one using each surface treatment:  lapped using 9 & 3µm Al2O3 
(LEL-9 and LEL-3), polished using 3µm Al2O3, 1µm diamond, and chemically polished using the 
formulation proposed by Singh et al (LEP-3, LEP-1, LEP-CP respectively). Taking into account 
that each sample comes from the same region of the ingot, changes in the CL signal are attributed 
to changes imparted by the different surface treatments. 
Secondary electron images and cathodoluminescence (CL) measurements of the lapped and 
polished Cd(Zn)Te surfaces were realized using an FEI-INSPECT and an Hitachi2500 Scanning 
Electron Microscope in conjunction with a R5509 Hamamatsu photomultiplier tube used for CL 
detection.  For these measurements, the samples were cooled to a temperature of 90K, the 
electron beam under a 20kV potential difference was used, and all of the emission spectra were 
normalized to the maximum peak emission value. 
Cd(Zn)Te detector performance was characterized using gamma spectroscopy measurements 
using a 133Ba source, placed 3mm from the detector cathode.  The pulse from the detector was 
amplified by a shaping amplifier with a shaping time of 1.5µs.  The shaped signal was digitized 
and captured using an APTEC multichannel analyzer. The APTEC's control software finally 
records the data in comma separated values format.  As the surface modification affects the 
surface leakage current, detector performance was measured in terms of the electronic noise 
introduced into the system i.e. energies lower than the 35keV peak of 133Ba.   
While the edges of each detector were subjected to each surface treatment, the cathode and 
anode of the detector were protected using a thin protective film of paraffin wax.  This prevented 
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the cathode and anode from becoming damaged.  By using this approach, the electrodes deposited 
on each detector were the same throughout the entire study, with no need to re-contact the 
detectors (which could possible introduce a large degree of error into the study of the gamma 
response). 
To identify optimal working conditions, each detector was biased through a range of voltages 
to identify the best working voltage specific to each detector.  The surface morphology study on 
detector performance was then carried out at this optimal voltage (though for some surface 
treatments, it was not possible to reach this working voltage). 
4.3 Results & Discussion 
The typical surface morphology of each treatment is presented in detail in the previous 
section (see Sections 3.4, 3.5, and 3.6).  The LEL-9 and LEL-3 treatments exhibit very rough and 
are non-reflective surfaces.  From the SEM images shown in Figure 19 on page 351, the surfaces 
indeed do appear somewhat similar.   
AFM measurements of the Cd(Zn)Te surfaces after polishing are presented on pages 357, 
358, and 359 of this chapter.  While the LEP-3 treatment produces a reflective finish, the surface 
contains a high density of relatively large scratches and exhibits RMS roughness >20nm.  The 
LEP-1 and LEP-CP treatments both exhibit smoother surface morphology with lower scratch 
densities and depths.  
Presented in Figure 49 are typical I-V characteristics for one of the detectors used in this 
study, subjected to all of the treatments.  The change in leakage current before and after each 
subsequent lapping and polishing operation was measured to observe the effects of surface 
preparation on the performance of planar detector geometry.  The contacts and bulk resistivity 
have not changed and therefore the change in the I-V characteristics may be attributed to changes 
in surface leakage current.  The axis is presented in logarithmic scale, necessary to illustrate the 




Figure 49 Typical I-V characteristics after modifying the lateral edges using different surface treatments. 
After both the LEL-9 and LEL-3 treatment, the leakage current of each detector was higher 
than compared with the LEP-3 treatment. This is thought to be associated with the surface 
damage layer imparted by lapping creating dislocations and reducing the electrical resistivity of 
the surface layer. 
A reduction in leakage current was obtained after polishing the lateral edges using the LEP-3 
treatment, as may be seen in Figure 49.  This treatment changes the edges from having a non-
reflective matte surface to a mirror-like reflective finish.  Leakage current for planar detectors 
having undergone LEP-3 treatment showed the best I-V characteristics of all edge treatments 
investigated.  
After polishing the lateral edges of the detectors using the LEP-1 treatment, the lateral edges 
of the Cd(Zn)Te detector are substantially smoother. The removal rate of this polishing stage is 
much lower than previous steps, but the surface roughness is substantially reduced from >20nm 
for the LEP-3 treatment to < 5nm RMS roughness as measured by AFM.  Despite this improved 
surface morphology, detectors having undergone LEP-1 treatment exhibited a slight increase in 
leakage current, as may be seen in Figure 49. This result was repeated on more than six different 
detectors harvested from different ingots to confirm the reproducibility of the result.  In each case 
however, there was only a slight increase in leakage current. 
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Finally, the lateral edges of the planar test devices were chemically polished using a LEP-CP 
treatment.  The cathode and anode of the devices were protected using a thin wax film, which 
could be removed afterwards using trichloroethylene.  Detectors having undergone LEP-CP 
treatment exhibited higher leakage current, and showed some instability over a short period of 
24hrs.  The mechanical lapping and polishing treatments did not exhibit large changes over such 
short period of times, but an investigation of the temporal stability of these surfaces is discussed 
below (see page 393 of this section). 
 
4.3.1 Surface Treatment Effects on Cathodoluminescence   
Cathodoluminescence (CL) is a surface sensitive technique which provides a method to 
evaluate the dominant radiative trapping centers which exist within the bandgap of Cd(Zn)Te.  It 
provides a method for identifying how different surface treatments can introduce different types 
of surface trapping levels, by the relative intensity of their radiative emissions.   In general it may 
be observed that the luminescence of the surface increases with decreasing surface roughness.  
This is consistent with the removal of the surface damage layer imparted by polishing, and 
revealing the properties of the crystal, more close to that of the bulk. 
Detectors having undergone LEL-9 did not exhibit luminescence under both high and low 
excitation conditions.  The absence of a luminescence peak in the sample lapped using the 9µm 
Al2O3 is attributed to non-radiative recombination of electrons being the dominant recombination 
mechanism.   
The CL spectra measured for the sample after LEL-3 did in fact exhibit a peak near 1.4eV, 
but only under low excitation conditions. The presence of this luminescent peak is attributed to a 
reduction in non-radiative recombination centers as a result of using a smaller abrasive particle 
which produces less surface damage, and reduces the non-radiative centers.  Presented in Figure 
50 are the low excitation CL spectra taken for after each lapping treatment. 
As the subsurface damage is removed through mechanical polishing using fine abrasives in 
conjunction with a porous felt pad, the non-radiative recombination centers are significantly 
reduced.  This is related to an improvement in the crystal structure at the surface, and a reduction 
in the amorphous layer.  This is further evidenced by XRD data presented in Figure 32 (page 
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Additional polishing of the detector edges using LEP-1 treatment produces a lower surface 
roughness, a more uniform surface morphology, and removes to a large extent the surface 
damage layer imparted by polishing.  Indeed, the concentration of surface related traps is reduced 
by the LEP-1 and LEP-CP treatment as additional luminescence peaks are resolved.  The 
presence of these peaks suggests that the concentration of traps related with the 1.4eV peak are 
being reduced, while other radiative centers related with the bulk (i.e. near band gap emission 
centered at 1.6eV and 1.3 eV band related to impurities ) may be identified. 
Indeed, it has been observed that the concentration of the 1.4eV band plays a strong role in 
the measured leakage current of planar detectors.  For surfaces which exhibited luminescence, the 
relation between detector resistivity and the peak intensity emission in the 1.4-1.5eV band are 
presented in Figure 51.  These values have been determined by measuring the relative intensity, 
or Peak to Valley of the 1.4eV luminescent peak. 
Superimposed upon the CL intensity data in Figure 51 are also changes in resistivity as 
between each subsequent processing step (closed square, circle, and triangles).   These data show 
a correlation between the relative intensity of the 1.4eV band and with changes in surface leakage 
current.  We attribute these changes to polishing induced surface defects which increase surface 








In terms of electronic noise and improving the signal to noise ratio, the leakage current of a 
detector is a useful figure of merit for characterizing detector performance under operating 
conditions.  Using the LEP-3 treatment as the treatment which provided the best performance of 
those treatments studied, changes in leakage current under bias may be represented using 
Equation 6.  
 
Equation 6     
       
where IV is leakage current measured at a certain voltage (i.e. 500, 750, 1000), ILEP-3 is the 
leakage current measured for LEP-3 treatment, and Ii represents the leakage current from the  
other treatments at the same bias voltage (i.e. LEL-9, LEL-3, LEP-1, LEP-CP). 
Presented below in Table 4 are percentage increases in leakage current, and their standard 
deviation for the sample set with respect to the LEP-3 treatment.  The number of samples 
investigated using each treatment are also presented.  As is clearly demonstrated, the processes 
LEL-9, LEL-3, LEP-1, and LEP-CP all result in higher leakage currents with respect to the 
process LEP-3.  Furthermore, increasing standard deviation with increased bias was observed in 
all of the detectors.  This is due to non-linear increases in leakage current of the LEL-9, LEL-3, 
LEP-1, and LEP-CP with respect to LEP-3, as may also be seen in Figure 49 
 




4.3.2 Gamma Ray Spectroscopy 
The effect of these surface treatments on the gamma response of Cd(Zn)Te spectrometers is 
the most important figure of merit.  Planar test devices were prepared using the methods 
described in the previous section using LEL-9, LEL-3, LEP-3, LEP-1, and LEP-CP treatments.  
The edges of these detectors were first polished using the LEP-3 treatment as the starting point 
for this study, due to the improved I-V characteristics.  The effects of surface morphology on the 
detector performance from this point were then studied.   
The first observation was that after the LEL-9 and LEL-3 treatments, detectors could not 
reach the same operating voltage as was obtained using the LEP-3 treatment.  Instead, the voltage 
had to be reduced by up to 50% in some cases to obtain a gamma response.  This is due to the 
increase in leakage current increasing the electronic noise present in the measurement system.  In 
addition to this, the FWHM of the 35keV photo peak also increased substantially. 
What is even more interesting is that the detector was operative at the reduced bias only for a 
short period of time.  Indeed, for several detectors, the electronic noise would increase with time 
and would degrade the measured gamma spectra.  In some cases this happened during a single 
recording measurement, in other cases it happened during a separate trial using the same detector 
under identical conditions.   
Shown below in Figure 52 is the gamma response of one of the detectors measured during a 
2 hour period, after the LEL-9 treatment.  The data collection was reset every thirty minutes to 
collect new data and observe how the detector changes with time.  Also presented in this figure is 
the gamma response of the same detector after LEP-3 treatment illustrating the differences in the 
FWHM associated with these two processes. 
After the LEP-1 and LEP-CP treatment, using the Br2 ethylene glycol solution, it has been 
demonstrated through I-V measurements that the detector leakage current increases as a result of 
these surface modifications.  Presented below in Figure 52 is the gamma ray response for a 
Cd(Zn)Te planar detector measured after the LEP-3 treatment and after subsequent LEP-1 and 
LEP-CP treatments.  These results are in agreement with I-V measurements as the increase in 
dark current corresponds to a decrease in the signal to noise ratio.  The large photo peak shown 
here is associated with the 31-35KeV emission line of 133Ba.  From this data it is clear that lower 
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For comparison commercially available spectrometer grade Cd(Zn)Te characterized under 
similar laboratory conditions exhibited FWHM values ranging from 4-10% for the 31-35keV 
photo peak of 133Ba.  These results have been presented in more detail in Section 2 on page 338 
of this Chapter. Further improvements in FWHM to reach this level have required improvements 
in the crystal growth.  However, the low energy tailing, associated with leakage current, is 
comparable or even better than that observed in the commercial detectors. 
 
4.3.3 Temporal Stability of LEP-3 Treatment 
All of the detectors whose lateral edges had been polished using 3 μm Al2O3 functioned at 
higher electric fields and did not show any signs of performance degradation during each 
measurement.  This may be due to the elimination of non-radiative recombination centers after 
polishing, and an increase in the surface recombination velocity due to the LEP-3 surface 
treatment.  Due to the detector failure after lapping LEL-9 and LEL-3 treatments, it was important 
to investigate if the detectors also had problems over longer periods of time, after the LEP-3 
treatment has been applied. 
To demonstrate this, the lateral edges of two Cd(Zn)Te detectors were polished using the 
LEP-3 treatment, and the samples were biased for more than 10 hours.  Presented in Figure 53 is 
the gamma response for this detector after 10minutes as well as over the 10hour period, biased at 
2500 V/cm.  As may be seen, there is no temporal degradation over the course of the 
measurement. 
In general, improved detector performance has been observed when the lateral edges exhibit 
a strong luminescent band near 1.4-1.5eV.  When this luminescent emission is at its highest, it is 
more likely that electrons in the CB are becoming trapped and undergoing radiative emission of 
photons.  This radiative decay of electrons at the surface corresponds to a decrease in surface 
leakage current between the anode and cathode.  By decreasing the concentration of these 
recombination centers, less electrons can undergo this radiative recombination.  As a result, dark 
current increases, and the noise observed in the detector increases as well.   
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The results from this investigation may be summarized as follows: 
1. Methods for improving the quality of planar detectors have been investigated.  Specifically, 
the effect of lateral surface morphology on detector performance has been studied through 
the use of different lapping and polishing agents.   
2. It has been demonstrated that polishing the edges of the planar detectors can help reduce 
leakage current by a factor of 200% compared with other methods, through the introduction 
of surface traps.  These polishing induced traps possibly behave as recombination centers 
for surface travelling electrons, thus providing a mechanism for reducing leakage current. 
3. A quick 2-stage protocol is proposed which can first use a 3 μm Alumina lapping step, 
followed by a 3 μm Alumina polishing step.  Although the LEP-1 and LEP-CP treatments 
provided improved surface morphology and lowered surface roughness, these results were 
not translated into lower leakage current at operating bias voltages.  It was also been 
demonstrated that detectors prepared with lapped edges have a tendency to fail after period 
of time on the order of shorter than 1 hour and while operating at lower than optimal bias. 
4.   Through the use of CL a correlation between the 1.4-1.5eV luminescent band and reduced 
leakage current has been observed.  Using this method, results obtained from I-V and 
Gamma ray measurements could be resolved.   
5. The surfaces appear to be somewhat stable with time, however increases in leakage current 
have been observed over an 8 month temporal lapse. Possible chemical passivation 
mechanisms may be of interest for reducing this effect. 
6. The low energy noise present in the devices treated using LEP-3 were comparable or better 
than the state of the art devices which have been investigated in this work. 
 
Future work on this topic will include the development of passivation protocol to preserve 
the electrical characteristics of Cd(Zn)Te devices over longer period of times.  Additional studies 
of interest include further studying the work function of the surface after different polishing 
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5 EFFECT OF STRUCTURAL DEFECTS IN CD(ZN)TE DETECTORS 
INVESTIGATED BY PICTS 
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In terms of electronic noise and improving the signal to noise ratio of the device, the leakage 
current of a detector is a useful figure of merit.  In the previous section, we have investigated 
methods for improving the quality of planar detectors.  Specifically, the effect of lateral surface 
morphology on detector performance has been studied through the use of different lapping and 
polishing agents (26).    
As has been presented in the preceding section, detectors whose lateral edges were treated 
using a lapping procedure operated at a lower than optimal bias, exhibit significantly higher 
leakage current, and are unstable with time.  Further study was deemed necessary to understand 
how the electronic properties of the lateral edges in Cd(Zn)Te devices are affected by the surface 
damage layer imparted by the manufacturing process.   
The work presented here is intended to provide a physical explanation to the observed 
phenomena.  Planar devices whose lateral edges have been treated using LEL-9 demonstrated the 
worst performance as spectrometers; while devices treated using LEP-3 exhibited the best 
performance of the treatments studied (see previous section).  By comparing the two processes 
which exhibit the largest difference in terms of spectrometer performance (i.e. LEL-9 and LEP-
3), the cause of device degradation may become evident. 
In order to study the traps present in Cd(Zn)Te devices and how these two treatments affect 
these energy levels, special experimental techniques are necessary which allow for probing the 
electrical properties of materials with high electrical resistivity.  Photo Induced Current Transient 
Spectroscopy, or PICTS, is a technique whose technology has been developed over the past 
several decades for the analysis of the electronic properties in a number of semi-insulating 
materials (27) (28) (29) (30) (31) (32).  Specifically PICTS is well suited for the analysis of high 
resistivity materials, and may be used for determining the traps present within semi-insulating 
material.  In the present case, this technique permits the investigation of structural defects 
imparted by surface processing. 
5.2 Experimental Procedure 
High resistivity Cd(Zn)Te ingots were grown by the VGF method for this study.  Each 
sample investigated in this work was prepared using the methods previously described in Section 
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3, page 341 (26).  Specifically, each electrode surface was polished using 1 µm diamond slurry 
and subsequently chemically etched using 2% Bromine Methanol.  Gold contacts with a thickness 
near 60 nm were deposited using the electroless method.   
Current Voltage (I-V) measurements of the planar devices was carried out using a Kiethley 
6517 electrometer, while 133Ba was used for characterizing the devices, and were measured at 
CIEMAT. 
Two planar test devices, termed Device A and Device B, have been harvested from the same 
region of the same ingot.  For the Device A, the lateral edges of the samples were first 
mechanically lapped using 9 µm Alumina Oxide, a technique which not only increases leakage 
current, but has been shown to degrade considerably the gamma response of the devices studied.  
This treatment is referred to hereafter as LEL-9 (Lateral Edge Lapping using 9µm Al2O3), using 
the same terminology from the preceding section of this Chapter.    
For Device B, the lateral edges of the samples were mechanically polished using 3 µm 
Al2O3.  This treatment is referred to hereafter as LEP-3 (Lateral Edge Polishing 3µm Al2O3).  For 
comparison, Device A has also been treated using LEP-3 treatment.   
PICTS measurements were carried out at the PHoS Laboratory of the University of Bologna, 
Italy.  The experimental apparatus used for carrying out the PICTS consisted of an aluminum 
sample holder within a cryostat cooled to liquid nitrogen temperatures.  The temperature of the 
sample was controlled using a Lakeshore DRC-91C controller.  Pulsed optical excitation was 
achieved using a HP-8003A Pulse Generator  
During the measurement, it is important that the temperature remains stable and there is no 
temperature gradient across the sample.  Therefore, for these samples a sandwich configuration 
mounting block configuration has been adapted with thermally conductive paste for 
homogenizing the temperature across the simple.  The sample is mounted and fixed vertically 
beneath the opening in the Aluminum housing.  The light from the LED enters through the 
opening in the alumina housing and illuminates the exposed lateral side of the device.  The lateral 
edges of the device were treated with different surface treatments, while the bias was applied to 
the planar electrodes.  Presented in the Spectroscopic Methods section of Chapter 2 are additional 
details regarding the experimental configuration. 
400 
 
If it is assumed that the photocurrent is associated only with electrons, the current transient 
for the region of interest may be expressed using Equation 7 (28) (33), where ݍ is electron 
charge, ܧ is the electric field, ߤ௘ is the electron mobility, ߬௘ is the electron lifetime, and ݊௧(0) is 
the saturation density of trapped electrons.  This equation represents the current transient as a 
function of time with emission rate en. Using several emission rates and the gated form of the 
PICTS equation, the trap energy and carrier cross section may be determined.  Further reading on 
the technological approach to PICTS is more fully presented in (28), and for CdTe and Cd(Zn)Te 
in (34) (33).  In general, this equation illustrates the physical parameters involved in the transient 
current present in the sample after photo-excitation.  
 
Equation 7 ࡵ(࢚) = ࢗ ∙ ࡱ ∙ ࣆ ∙ ࣎ ∙ ࢔࢚(૙) ∙ ࢋ࢔ ∙ ࢋ࢞࢖(−ࢋ࢔ ∙ ࢚) 
 
5.3 Results & Discussion 
To illustrate the differences between the surface treatments applied to each device in this 
study, it is important to recall the surface morphology which is imparted after lapping and 
polishing process.  It has been shown that polishing surface treatments result is a subsequent 
reduction in the surface damage layer of the Cd(Zn)Te surface, as measured using XRD methods 
(23) (see also Figure 32 page 360).  Indeed the large difference in surface morphology is also 
evident from the SEM images presented in Figure 19, page 351.  The surface after LEL-9 is non-
reflective and highly amorphous while the surface after LEP-3 is more reflective and 
characterized by a high density of scratches imparted by the abrasive polishing process.  Surface 
morphology measurements of LEP-3 treatment may be seen in Figure 23, page 357.  Due to the 
roughness of the surface after LEL-9 treatment, it is not possible to measure the surface using the 
AFM technique. 
 After electrode deposition, the lateral edges of Device A were treated using LEL-9 surface 
treatment, which produces high surface roughness and imparts an amorphous damage layer into 
the surface.    The lateral edges of Device B was treated using LEP-3 treatment which produces 
lower surface roughness (RMS of 30nm) and removes the damage layer imparted by the lapping 
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operation.  By comparing the two test device, it is possible to observe the effects of the damage 
layer on the electrical properties of the test device. 
5.3.1 PICTS Measurements  
The PICTS spectra is presented in Figure 56.   Differences in the PICTS spectra obtained 
using the 640 or 890nm LED for photo-excitation are clearly evident.  First, the value of ΔI is 
consistently higher for the 890nm LED than for the 640nm LED, despite the output power of the 
640nm LED being higher than the 880nm LED.  Furthermore, local maxima are more clearly 
resolved using the 890nm LED than using the 640nm LED.  We attribute these two differences in 
the spectra to the difference in penetration depth between the 890nm (below bandgap) and the 
640nm (above bandgap) LED.  The deeper penetration of the longer wavelength results in 
increased interaction with the electronic levels present in the bulk. 
Each maxima measured in the spectra is associated with a deep levels present in the devices.  
From each PICTS spectra, an Arrhenius plots has been constructed to calculate trap levels and the 
carrier cross sections (see Chapter 2 Section 3.3.6 for theoretical details which have been used for 
this calculation).  The Arrhenius plots for the traps detected in Device A and Device B are 
presented in Figure 57.  The levels have been named following the conventions used by 
Castaldini et al. (1).   
Also presented in Figure 57(c) are the calculated trap activation energies for devices treated 
with LEL-9 and LEP-3 treatment.  The traps are identified by their position in the Arrhenius plot 
and may therefore be correlated if the traps are active in the same temperature and with similar 
emission rates.  All but one of these trap have been previously identified in CdTe and Cd(Zn)Te.  
A brief description of these energy levels is first provided, with an elaboration of what we have 
termed the δ-defect, which is unique to this study. 
The first trap was located at Ea = 0.1 – 0.2eV.  This trap has been associated with the 
transition between the A-center complex and the Valence band, and is actually comprised of a 
family of centers related with impurities, possibly forming complexes with the VCd.    The cross 
section for this defect has been reported to be between 1-3x10-16 cm2 while the activation energy 
for this trap level has also been reported to range between 0.1 and 0.2eV (1) (2) (3) (4) (5).  
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regime, as well as VZn (35).  GDMS measurements of this particular ingot have shown Carbon 
content on the order of 200ppb, a Cu the content less than 30ppb and Au less than 5ppb, making 
Carbon a more likely candidate. 
The deep center, Trap H, likely responsible for pinning of the Fermi level (36), has been 
detected at Ea = 0.80eV for the device treated using LEP-3 and between 0.85eV for the device 
treated using LEL-9.  These energy levels are consistent for those reported in literature (1) (2) (4) 
(5) (7).  This defect has been attributed to the doubly ionized ஼ܸௗିି  and has been shown to undergo 
both radiative and and non-radiative electron capture (2) (37).   
Trap I, the deep level near 1.0-1.1eV, has been attributed to Te related defects, such as the 
ionized VTe+ (1), and has been found to behave as a dominant mid-gap trap in CdTe: Cl, behaving 
as an electron trap (38).  This energy level has also observed in Cd0.8Zn0.2Te (1) (2) (4) (5) (7) 
(39). 
 
5.3.2 The δ-defect level 
Of principal importance with respect to the current study presented here is the unique trap 
observed at Ea = 0.35 - 0.37eV in the device treated using LEL-9.  This level was not observed in 
Device B after LEP-3 treatment, nor has this level been observed for other samples from the same 
ingot, which have also been investigated using PICTS (see Section 7 for further examples).  
Furthermore, this defect has been observed using both the 644nm LED as well as the 890nm LED 
as a prominent feature in the low temperature range of the spectra. 
Considering that each test device was harvested from the same region of the same ingot, we 
attribute the difference in the PICTS spectra to the surface damage layer associated with the two 
types of surface processes applied to each device.  Specifically, we attribute this δ-level to defects 
associated with the amorphous layer created by the LEL-9 surface treatment.  Indeed a level with 
similar energy has already been attributed to structural defects and crystal stress (5), and these 
results provide further evidence to support this conclusion. 
Mechanical lapping is known to impart substantial amount of damage into the surface, as has 
been demonstrated using similar lapping and polishing conditions (23).  A physical explanation 
as to how the properties of the surface may influence the electronic properties of the detector is 
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proposed.  Specifically, the introduction of a new surface state increases the dark current in the 
detector. 
5.3.3 Electrical and Spectroscopic Properties 
The I-V characteristics of Device B after LEL-9 and LEP-3 treatments are presented in 
Figure 58(a) for high biasing conditions.  This increase in dark current associated with the LEL-0 
treatment reduces the resistivity and also results in a substantially larger FWHM in the measured 
spectra of the device.   
 An example of this behavior is presented in Figure 58(b)  for the Device A treated using 
both LEL-9 and LEP-3 treatments for comparison.  The Device has been biased at 2000 V / cm 
for the collection of the 133Ba spectra after LEP-3 treatment and LEL-9 treatment.  The 
correspondingly higher leakage current after LEL-9 reduces the signal to noise ratio of the charge 
induced at the anode of the device.  This is evidenced by higher background noise observed at the 
lower energies.   After LEP-3 treatment the FWHM of the 31-35keV photo-peak of 133Ba is near 
17%, whereas after LEL-9 treatment for the same device this FWHM value broadens out to more 
than 30%.  
These results are of technological interest, as the fabrication process of Cd(Zn)Te based 
devices rely upon traditional cutting, lapping, grinding, and polishing processes.  If not 
effectively removed, these deep centers introduced by the mechanical deformation of the surface 
may limit the operability of the material.  It is important to note that the LEP-3 treatment 
effectively eliminates the defects introduced by lapping, as has been demonstrated by PICTS 
measurements. 
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Twinning in Cd(Zn)Te is an important crystallographic structure.  Due to the 
crystallographic symmetry group of the Zinc Blende structure (F43m), twinning in Cd(Zn)Te 
may be expressed by (1) rotation of the of the lattice by 180º  about the  <111>  orientation or (2) 
rotated 250.53° about the (011) plane (40) (41).  Presented in Chapter 1 Section 2.6.5 is an 
example of twinning in Cd(Zn)Te such that the crystal lattice is rotated by 180º about the <111> 
orientation.   
The objective of this investigation was to study how twinning of the surface and bulk 
properties of Cd(Zn)Te may influence radiation devices which exhibit twinning.  Therefore 
wafers which exhibit twinning have been studied in terms of their electrical, optical, and 
structural properties.   
Presented in Figure 59 are the wafers which have been used for this study.  The 50mm 
wafers discussed here were harvested from a between 0.20 < g < 0.50 where g represents the 
solidified fraction of the ingot.  All wafers exhibited high resistivity, and appeared to be single 
grain with twins oriented vertically throughout each wafer.  A dotted line is used to differentiate 
the twinned region from the twin-free region for each wafer. 
The axial composition of the ingot VGF122210 was first characterized using ICP-MS to 
measure Zinc content along the axial direction.  Results are presented below in Figure 60.  Using 
the Scheil Equation represented in Equation 1, the segregation coefficient has been calculated to 
be 1.23.  C0 is the initial concentration of zinc, Cs is the concentration of zinc in the solid, k is the 
segregation coefficient, and g is the solidified fraction.  The values obtained for k are consistent 
to the commonly reported values found in literature (6).  
 
Equation 1  Cs = k ∏ C0 ∏ (1-g) k-1 
COREMA measurements for the harvested wafers are presented in Figure 61.  In general, all 
wafers harvested from the ingot exhibited resistivity higher than 1 μ 109 Ω-cm across their entire 
surface.  It is important to note that this is comparable to the resistivity of the much smaller 
commercial spectrometers which have been investigated in Section 1 of this chapter (see Figure 
3 page 330 of this chapter).   
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It is important to observe that the twinned regions corresponded to lower resistivity 
compared with the twin-free regions.  The location of the twinning in each wafer was also the 
same, a result of the vertically orientated twin structure throughout the crystal.  Line profiles of 
the bulk resistivity are presented in Figure 62, where the resistivity of the twinned region was 
measured 3-5 times lower than the twin-free regions.   
It seems evident that this behavior may have significance with respect to the operation of 
detectors harvested from different regions of the crystal.  Therefore, it was important to develop a 
deeper understanding of this phenomenon and how the twin structure may influence the electrical 
properties of Cd(Zn)Te devices.  The wafers were first investigated using optical microscopy 
methods to identify possible sources of traps or defects within the bulk which may be affecting 
the electrical charge transport characteristics. 
 
 
6.1.1 Twinning and Inclusions 
Presented in Figure 63 is an IR microscopy mapping of one of the 50 mm Cd(Zn)Te wafers 
shown above (g=0.2).  From this image, it is apparent that the twinned region of the wafer 
contains a higher density of inclusions than the twin free region.  Indeed, the spatial location of 
the twins is evident from the IR transmission, and they appear as dark bands in the mapping.   
For the regions which have the lowest electrical resistivity (mid upper right of each wafer 
presented in Figure 59), Te-inclusion structures such as those presented in Figure 66(b) appear.  
These structures of closely packed Te particles appear oriented vertically and extend through the 
entire wafer from one side to the other.  It is possible that the close proximity of these metallic 
particles may permit charge to pass between the polarized electrodes.  This type of behavior has 
also been reported elsewhere, and is consistent with the results presented here (42) (43) (44). 
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Presented in Figure 67(a) and b are the SPV spectra obtained for both twinned and twin-free 
Cd(Zn)Te samples (Sample ID 10-20 and 20-30).  The SPV spectra for both faces of the crystal 
containing twin features (10-20) are presented in Figure 67(a).  For this sample, two donor levels 
were located near ܧ஼ − 1.36ܸ݁ and ܧ஼ − 1.47ܸ݁.  For these traps, when the surface is 
illuminated with light whose energy ℎߥ ≥ ܧ௖ − ܧ௧, the electrons are excited into the conduction 
band, and swept into the space charge region (SCR) by the internal electric field.  As a result, the 
SCR becomes less positive and we see a decrease in the SPV.   
An acceptor trap located near ܧ௏ + 1.41ܸ݁ was also observed.  Using a similar line of 
reasoning, excitation of electrons from the valence band using wavelengths ℎߥ ≥ ܧ௧ − ܧ௏ 
requires an additional charge from the SCR in order to reach equilibrium.  As a result, the SCR 
becomes more positive with respect to the surface.  However, it is important to note that 
identical spectra were obtained for both faces of the crystal. 
For the region of the crystal with no twinning present, the SPV spectra shown in Figure 
67(b) was quite different.  A trap near Ec-1.47eV  and Ec-1.34eV  were observed, as was a 
acceptor site located at ܧ௏ + 1.39ܸ݁.  In this respect the crystal exhibit similar characteristics as 
the crystal which exhibited twinning.  However, when the opposite face of the crystal was 
measured, the spectra did not exhibit any of the trap states previously measured.  The only 
prominent feature was the peak associated with band to band absorption i.e. the semiconductor 
bandgap. 
It is crucial to recall that the SPV signal is proportional to the absorption of incident light by 
the crystal, and that this absorption is directly related to the concentration of defects present at the 
surface.  From these measurements we observe, therefore, that the concentration of gap states 
depends to some degree on which crystal surface is measured.  For the sample which exhibits 
twinning, this concentration of gap states present on each surface is similar.  In the crystal which 
is free of twin features, the concentration is remarkably different.  Using chemical etching 
methods for determining the (111)A and (111)B face of the oriented crystal, it is observed that the 
(111)A face (referred to as Side 1 of Figure 67(b)) exhibits a lower concentration of surface 
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6.2 Cathodoluminescence of Twin and Twin Free Regions 
Cathodoluminescence is a surface sensitive characterization technique used for studying the 
electrical and optical properties of materials.  The method relies upon (1) excitation of surface 
and bulk states using an energetic beam of electrons, (2) the subsequent decay of these occupied 
surface states to and the emission of photons in the optical region and (3) selection, detection, and 
amplification of the analog signal produced by these captured photons. 
Spectra have been recorded under different excitation conditions of the electron beam on the 
sample, to account for radiative centers with very different lifetimes. Usually by low excitation, 
the intensity of the bands associated to defects with low lifetime increase compared to bands 
associated to defects with a very high lifetime.   
Twinned and twin free regions of the crystal were investigated using CL microscopy to 
determine the differences in the electronic structure of the surface states present in the two 
samples.  Presented in Figure 71 are the CL spectra for the twinned and twin free regions of the 
crystal.  The variation in excitation conditions leads to important variations in the CL intensity.  
However, in general there is greater luminescence exhibited under both high excitation and low 
excitation conditions for the twin-free region.   
The emission near 1.6eV represents band to band transitions and permits the measurement of 
the bandgap of the material.  From this measured, the zinc concentration of the material may be 
determined.  The bandgap near 1.59eV corresponds to a Zinc content near 14-15%.  This 
measurement is in agreement with the zinc content determined by ICP-MS measurements (13%) 
The broad band about 1.4 eV is related with surface damage, trace impurities, but in general 
is strongly related to the concentration of VCd.  This band is generally referred to as the A-center 
and behaves as an Acceptor in Cd(Zn)Te.  This cross section for this defect has been reported to 
be on the order between 1-3x10-16 cm2.  As may be seen from both of the presented CL spectra, 
the intensity of this band is higher in the twin free region of the sample than in the region which 
exhibits twinning.  Indeed, this higher intensity corresponds to a higher concentration of these 
point defects. 
 











 CL spectra o
 excitation (b)







tions in the 
s broad pea
f twin free reg
 conditions.  (i









) Trap H assoc
defect possibly
eV has bee




































).  The inse
























observed in Cd0.8Zn0.2Te with a carrier cross section on the order of 3x10-9 - 1x10-10 cm-2  (2) (4) 
(5) (7) (39). 
The narrow trap located between 0.78-0.82eV has been attributed donor character, and may 
be associated with the indium or other metallic content present in the crystal, and has also been 
attributed to native defects in In doped CdTe (45).  It is important to point out that the 
concentration of this defect was higher in the twin-free sample than in the sample which exhibited 
twinning.  As a result, it is possible that this higher concentration of donor levels increases the 
leakage current in the twin free test device presented in Figure 62 on page 414. 
The last defect observed to be centered about 0.7eV under low excitation conditions is likely 
the deep center, responsible for pinning of the Fermi level (1) (2) (4) (5) (7). This defect, acceptor 
in character, has been attributed to the doubly ionized ஼ܸௗିି  and has been shown to undergo both 
radiative and non-radiative electron capture (2) (37).   
6.3 Conclusion 
Several wafers which exhibit twin features have been investigated in terms of their optical, 
electrical, and compositional properties.  The conclusions of this section may be summarized as 
follows: 
1.  Twinning in Cd(Zn)Te  has been investigated using IR microscopy, and the twinned regions 
of the wafer have been correlated with higher densities of closely spaced Te-precipitates.  
These second phase particles are likely responsible for the lower bulk resistivity in the region 
measured using the COREMA system.   
2. The surface of the wafers have been investigated using SPV spectroscopy to investigate the 
surface states present in both twinned and twin-free regions of the crystals.  Using this 
method, two acceptor states have been detected located at 1.47 eV and 1.36 eV below the 
CBM while a donor state situated 1.41 eV above the VBM has been detected.  Furthermore, 
for the sample which exhibits twinning, the concentration of these defects appears relatively 
higher, as there is greater absorption at the surface.  
3. Work function measurements using KPM have shown local decreases in surface potential 
associated the twin structure.  A difference of 30mV has been measured between the (111)A 
and (111)B surfaces. 
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The operating mode of a planar Cd(Zn)Te device in its most basic form consists of two 
electrodes, one of which is biased under negative potential while the other which is typically 
connected to a charge sensitive pre-amplifier for signal amplification.  It is also usually required 
that the detectors have sufficiently high resistivity such that the leakage current induced by the 
operating voltage is sufficiently low.   
However, it is not enough to have material with high bulk resistivity.  Surface preparation 
has a strong effect on the electronic properties of the device and is of paramount importance to 
achieve functioning and reproducible detectors.  The effect of anode and cathode surface 
morphology on detector performance has been investigated by A. Hossain et al. (14).  
Furthermore the effects of using different chemical etchants for electrode surface preparation has 
been investigated by (46) Cd(Zn)Te.  Finally, the effect of lateral edge morphology on device 
leakage current has been demonstrated by Crocco et al. (26) and is discussed in greater detail in 
Section 4 of this chapter.   
Despite these recent advancements in preparing the surface of Cd(Zn)Te devices for detector 
applications, large asymmetries in the electronic properties of Cd(Zn)Te detectors are quite 
common.  Indeed, we have observed differences in leakage current several orders in magnitude 
depending on which electrode of the planar configuration is used as the cathode.  In fact, this 
phenomenon has been observed for both oriented as well as non-oriented crystals.  Therefore an 
understanding of the material properties which contribute to this asymmetry is of paramount 
importance from a detector fabrication perspective.   
For the development of patterned electrode geometries, correct selection of this surface is 
crucial.  In the case of oriented crystals, it has been observed that the (111)A and (111)B surface 
terminations may have some influence on the electrical properties of the device.  Shown below in 
Figure 72 is the structure of (111) oriented Cd(Zn)Te, showing the alternating crystallographic 
planes of Cd(Zn) and Te atoms.  Taking into account the unit cell of the crystal, the surface which 
will terminate in Te is referred to as the (111)B surface, and the surface which will terminate in 
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Wright et al. were not alone in their conjecture of the role played by the crystal orientation 
on device performance.  These differences in device operability and resistivity have also been 
reported to depend on crystal orientation by other groups as well.  In fact, this was observed to 
the extent that a gamma response could only be obtained when the cathode of the detector was on 
the Te-rich (111)B face (47).  From the perspective of electrode patterning, the choice of the 
electrode surface is therefore of fundamental importance. 
One possible explanation of this phenomenon may be associated with the observations by T. 
Takeuchi et al. (48) who have proposed that surface barriers at the B-face show recombination 
preferred processes for n-type (111) oriented materials.  This result is evidenced by the Current-
Voltage characteristics which show a higher electrical resistivity at the (111)B surface.  However, 
they propose that the observed carrier transport on the B-face may be attributed to the presence of 
an interfacial tellurium oxide layer and provide experimental evidence that the top-most atoms of 
CdTe(111)A are predominantly Cd bonded to O, while the top most atoms of CdTe(111)B are Cd 
and Te atoms.   
Other works have also demonstrated the how surface defects may affect the electrical 
characteristics of Cd(Zn)Te crystals.  Using Ar sputtering technique to modifying the Cd:Te ratio 
at the A and B surfaces, changes in the electrical characteristics have been detected.  It has been 
observed by Voss et al. that (i) the (211)B surface exhibits higher electrical resistivity than the 
(211)A surface, (ii) a reduction of leakage current may be achieved through argon bombardment 
of the surface and (iii) this change in leakage current may be attributed to plasma induced defect 
states (49). 
Indeed, surface defects induced by Ar plasma have been shown to substantially modify the 
work function of the (111)B Cd(Zn)Te surface by as much as 0.8eV (50).  Furthermore, this 
change is explained using a dipole model of the surface.  In this model, bulk electrons become 
trapped in the damage layer near the surface, and may even undergo recombination.  This 
trapping effectively increases the work function of the surface as it requires more energy for the 
electrons to reach the vacuum level.  The as polished (111)A surface exhibits a higher work 
function than the (111)B surface, which is attributed to the lower electronegativity of the Cd(Zn) 
atoms with respect to Te. 
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A summary of the results obtained by different groups is presented in Table 5.  From these 
results it may be seen that there is some agreement regarding the use of the (111)B face as the 
cathode for obtaining lower leakage current in devices.  The only disagreement has been found in 
Ref. (21).  However, the interpretation of the method used for the determination of the (111)A 
and (111)B is contrary to the original method reported by Brown for CdTe (51).  Specifically, this 
etching method produces a reflective surface finish on the (111)B face while producing a dark 
surface finish on the (111)A face.  The results reported by Wright et al. (21), however, state that 
the surface exhibiting a dull black coating was the (111)B face.  
Table 5 Summary of results obtained by different groups for selection of the Anode and Cathode in Cd(Zn)Te 
radiation devices. 
Ref. Electrode material Electrode surface which exhibits  
lower leakage current under reverse biased 
(21) Au (111)A 
(47) Au (111)B 
(48) Au (111)B 
(49) Pt (211)B 
 
Overall, the selection of the Cd(Zn)Te surface used as the anode and cathode in planar or 
patterned device geometries plays a large role.  However, not all devices harvested from 
Cd(Zn)Te ingots for radiation detection applications are oriented following the (111) or (211) 
directions.  Therefore, using the chemical methods described above may not always be useful for 
determination of the A-face and B-face of un-oriented materials.  More specifically, the surface 
state density of each face of the crystal will play a role in determining the electrical properties of 
the device.  In fact, it has already been shown that the A and B surfaces of the (110) orientation 
exhibit higher surface sheet resistance than (111) surfaces.  Therefore, non-contact or non-
destructive methods which are sensitive to these surface states are of great interest in the selection 
of anode/cathode surfaces for electrode deposition. 
This investigation presented here has been carried out with three objectives.  Each objective 
is oriented towards establishing reliable methods for the selection of the anode and cathode 
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surfaces independent of the crystallographic orientation.  The objectives of this study are the 
following: 
 Investigate how the asymmetry in I-V characteristics of Cd(Zn)Te devices may be 
associated with the TeO2 interfacial layer using RBS to study the structure at the Au-
Cd(Zn)Te interface.   
 
 Develop an understanding of how the concentration of the active traps in Cd(Zn)Te varies 
with the external bias polarity using PICTS. 
 
 Propose non-destructive methods for selection of the anode and cathode which are 
independent of crystallographic orientation. 
 
7.2 Experimental 
Cd(Zn)Te surfaces have been prepared using the polishing methods described in (26) For 
Cd(Zn)Te devices studied in this work, the electroless Au deposition technique has been used for 
contact deposition.  This process produces semi-transparent gold contact between 30-40nm thick.  
Further details regarding detector preparation and measurement may be found in (23) (52) (53) or 
in Section 3 of this chapter. 
A chemical method for the determination of the A and B-face in CdTe has been reported 
(51), and has been implemented here.  The technique consists of chemical etching of CdTe using 
a mixture of HF: HNO3 : CH3COOH in a ratio of 1:1:1.  The chemical etching results in the 
(111)A face exhibiting a dark surface finish, while the (111)B face exhibits a reflective surface 
finish.   
Because non-oriented test devices as well as oriented test devices have been investigated 
here, it was important that consistent terminology be applied to all samples.  To do so, each 
electrode of the planar test devices has been designated as either S1 or S2.  This choice was 
made such that the electrode which exhibited lower leakage current under reverse bias 
would be referred to as the S2 electrode.  In this way the surface properties of oriented and 
non-oriented devices could be compared.   
Presented in Figure 73 is an illustration of how this geometry was applied for each of the 
measurements described below.  Measurement of both S1 and S2 surfaces using complimentary 
techniques was intended to elucidate the differences which may exist between the two electrodes. 
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Photo-Induced Current Transient Spectroscopy (PICTS) measurements were used for 
measuring the energy, concentration, and apparent cross section of deep levels present in 
Cd(Zn)Te devices.  Further reading on the theoretical and technological approach to PICTS or 
extracting defect energy, cross section, and concentration from the PICTS spectra is more fully 
presented in (28), and specifically for CdTe and Cd(Zn)Te in (34) (33).  Further reading on the 
experimental methods and calculations used here are presented in Chapter 2, section 3.3.6. 
Rutherford Backscattering (RBS) measurements have been carried out to study the symmetry 
of the Au-Cd(Zn)Te-Au contact structure, providing a comparison of the interfacial tellurium 
oxide layer thickness on both electrodes of the planar Cd(Zn)Te device.  Experimental details for 
the RBS measurements are presented in Chapter 2, Section 3.3.3.  The data were analyzed with 
the IBA Data Furnace NDF v9.3 f. (54). 
To explain asymmetry arising from the metal-semiconductor interface, optical probing of the 
surface states using Surface Photo-voltage (SPV) spectroscopy was carried out (55) (56) (57).  
This technique provides the capability to measure the influence of surface trap states.  In the work 
presented here, the SPV technique is applied to bare Cd(Zn)Te wafers as well as Cd(Zn)Te 
devices which have been contacted with semitransparent Au contacts.  In order to probe sub-
band, defect related electronic transitions, sub-bandgap energies are used for excitation of gap 
states.   As a result, carrier exchange between the gap states and valence and conduction bands 
induce changes in the surface voltage via optical transitions.   
For gamma ray spectroscopy, test devices were connected directly to a PCB board which 
contains the FET and the A250 charge sensitive pre-amplifier.  The cathode of each detector was 
connected to high voltage, while the anode of the detector was connected using a short Pt wire to 
the input of the FET.  The post-processor was connected to an MCA card and each spectrum was 
acquired using APTEC software in order to derive the FWHM of the photo-peaks.  Both S1 and 
S2 surfaces were investigated as the cathode of the device. 
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device.  For some test devices, the thickness of the oxide was much thicker on the S1 electrode 
than the S2 electrode.  For other devices the relationship was reversed.  Therefore the observed 
asymmetry in leakage current could not be correlated with the oxide layer present at the interface.  
Presented in Figure 75 are typical RBS results for the Au-Te oxide-Cd(Zn)Te structure obtained 
for the Device G, which exhibited the most asymmetric I-V characteristics. 
 









S1  N/A 31 nm  
1.25 
S2 N/A 34 nm 
 
Device B 
S1 (111)A -  
1.33 
S2 (111)B - 
 
Device C 
S1 N/A 37 nm  
1.38 
S2 N/A 40 nm 
 
Device D 
S1 (111)A 36 nm  
6 
S2 (111)B 29 nm 
 
Device E 
S1  (111)A 14 nm  
15.1 
S2 (111)B 58 nm 
 
Device F 
S1 (111)A 41 nm  
56.3 
S2 (111)B 38 nm 
 
Device G 
S1 (111)A 22 nm  
220.2 
S2 (111)B 14 nm 
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experimental configuration) and a second PICTS spectrum was recorded over the same 
temperature range (80K - 400K).   
Planar test devices have been investigated using the PICTS method following the 
experimental arrangement presented in Figure 73(c) and (d).  By changing the polarity of the 
bias, the photo-induced current will flow first toward the S1 electrode when the bias is positive, 
and then toward the S2 electrode when the bias is negative.  Differences in the concentration of 
active deep centers associated with each electrode surface may then be observed.   
Presented in Figure 76 are the PICTS measurements, the Arrhenius plot, and the 
experimentally determined trap concentrations associated with each deep center identified for 
Devices A and B, which are also presented above in Figure 74 and Table 6.  When observing the 
differences between the two devices, it is important to note that Device A is a non-oriented 
sample whereas Device B is oriented along the (111). 
From the PICTS spectra shown in Figure 76(a), it is possible to identify the local maximum 
associated with each deep level for a given emission rate. Presented in Figure 76(b) is the 
Arrhenius plot which has been constructed using several PICTS spectra to extract the trap 
energies and apparent cross sections of these deep centers.  These traps have been named 
following the conventions used by A. Castaldini et. al. (1).  All of the observed levels A, B, C, H, 
and I which have been found have been studied and previously identified in Cd(Zn)Te.  It is 
important to note that there is good agreement of the energy level for both positive and negative 
biasing conditions.  For more information on these defects in Cd(Zn)Te the reader is referred to 
(1) (2) (4) (5) (7) (35) (37) (38) (39). 
 Figure 76 
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More importantly than the types of defects present in the Cd(Zn)Te, are their relative 
concentrations under positive and negative biasing conditions.  Presented in Table 7 are the 
active deep levels for both positive and negative biasing conditions of Device A and Device B.  
For Device A, the concentration of active energy levels did depend on the polarity of the bias.  
This concentration of active deep centers was observed to be higher under positive biasing 
conditions than under negative biasing conditions, and may be seen in Figure 76(c).  Taking into 
account the S1 electrode was under bias, the higher activity of the deep centers corresponds to a 
lower leakage current within the device.   For Traps A and B, positively biasing the device 
corresponds to a relative increase in the deep levels by up to 50% respectively. For traps C, H, 
and I, the increase in the measured concentration was slightly near 20%.  We attribute this 
behavior to an increase in recombination processes. 
The second sample investigated, Device B, was a (111) oriented device.  As may be seen 
from Figure 76(c), there was an even more substantial increase in the concentration of active 
deep centers measured under positive biasing conditions.  Furthermore, higher concentration of 
active deep centers would correspond to lower leakage current within the device (see Figure 74).  
For the deep centers A, B, and H, there was an increase in the relative concentration of active 
deep centers by >200%, while for the deep centers C and H, the increase in their concentration 
was by >500%. 
Device B was an oriented device, and it is observed that using the (111)B as the cathode of a 
planar device leads to lower leakage current for the same biasing conditions imposed on the 
(111)A surface.  The same behavior has been observed on other oriented Cd(Zn)Te devices as 
well.  The behavior may be summarized as follows:  when a reverse bias is applied to the (111)B 
electrode, this corresponds to a higher concentration of electrically active deep centers which may 
act as recombination centers and effectively lower the leakage current within the device. 
More explicitly, when the S1 electrode was reverse biased, there was greater leakage current 
and a lower concentration of active deep centers.  When the S1 electrode was forward biased, the 




Table 7  Activation energy and concentration for deep centers present in devices studied using positive and negative 
bias of electrode S1. 
Device  Trap Energy 
(eV) 
Concentration 
 (cm-3)  






A 0.15 6.2 μ 1012 4.1 μ 1012 
B 0.29 7.2 μ 1012 4.9 μ 1012 
C 0.35 3.6 μ 1012 2.9 μ 1012 
H 0.83 2.2 μ 1012 1.9 μ 1012 






A 0.18 2.1 μ 1012 6.1 μ 1011 
B 0.29 2.1 μ 1012 6.2 μ 1011 
C 0.36 3.1 μ 1012 4.9 μ 1011 
H 0.69 2.3 μ 1012 6.6 μ 1011 
I 0.97 9.3 μ 1013 1.38 μ 1013 
 
 
7.5 SPV measurements  
To demonstrate that the observed asymmetries may be attributed with the metal-
semiconductor interface and not necessarily with the bulk material properties, optical probing of 
the surface states using SPV was carried out on several Cd(Zn)Te devices with and without 
electrical contacts following the arrangement presented in Figure 73(e) and (f).  Measurements of 
the Surface Photo-Voltage (SPV) are presented for the S1 and S2 surface of Device B, which 
correspond to the (111)A and (111)B face of the crystal respectively.  Other Cd(Zn)Te test 
devices have been studied as well, and each exhibit similar behavior as those investigated here. 
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The SPV spectra of S1 and S2 of Device B without Au contacts are presented in Figure 77.  
For the S1 surface, the SPV spectrum exhibits a peak near 1.53 eV which is related to the 
bandgap of the device and corresponds to a Zinc content of 4% following (58).  The actual Zinc 
content of the device, using quantitative ICP-MS measurements, was determined to be 9-10%.  
This disagreement may be explained through red-shifting of the band gap energy by as much as 
0.04 eV.  Indeed, red shifting as much as 0.069eV has also been observed by (56), and has been 
attributed to oxidation of the surface.   
More importantly with respect to the current discussion is that the SPV signal decays to zero 
for energies lower than the bandgap, to due to decreased absorption by the crystal of the incident 
light.  For energies above the bandgap, surface recombination of electron-hole pairs begins to 
play an increasing role and the SPV begins to decay.  For photons whose energy is greater than 
the bandgap, the absorption coefficient increases considerably and most photons are absorbed at 
the surface and are lost due to surface recombination mechanisms.  This phenomenon gives rise 
to a peak instead of a plateau in the spectra, which has been observed by other investigators (59).  
Multiple locations on the same surface were measured to demonstrate the homogeneity of this 
behavior for the S1 surface.   
The S2 surface of the wafer however exhibits a markedly different SPV spectrum.  Indeed, it 
was possible to detect several sub-bandgap traps present at the Cd(Zn)Te surface.   Two states 
located at 1.47 eV and 1.34 eV below the conduction band minimum (CBM) while a state 
situated 1.39 eV above the valence band minimum (VBM) have been detected.  This may 
correspond to Trap A, which has been measured using the PICTS method.  Finally, a state near 
EV + 1.11 eV has also been detected (see Table 7).   
Before describing the important differences between the two spectra, it is useful to compare 
these traps identified by the SPV method with those which have been observed by other 
investigators.  Using correlative techniques including EDS and XPS in conjunction with SPV, 
results have been presented for gap states measured in n-type CdTe and Cd0.094Zn0.06Te.  
Specifically, a weak donor state at 1.42 eV above the valence band has been attributed to Cd atom 
displacement, and may correspond to the 1.39 eV state observed here (58) (60).  A chemically 
induced surface state at 0.72eV below the CBM is attributed to chemical etching, is supported 
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7.5.1 Physical Model 
To explain this behavior, it is important to note that the total amount of charge within each 
gap state must be supplied by the bulk.  As a result the net carrier density near the surface will be 
different from the average bulk carrier density.  This difference in carrier density between the 
bulk and the surface produces a Space Charge Region (SCR) in the crystal (57).  Furthermore, the 
difference in the stoichiometry of the (111)A and (111)B surface will affect to a large extent the 
size of this space charge region, due to differences in carrier density at each surface.   
The absorption by acceptor (or donor) surface states leads to the net surface state charge, 
ࡽࡿࡿ, becoming less negative (more negative in the case of donors), as electrons are excited from 
the trap energy to the conduction band (or valence band to the trap in the case of donors), and 
subsequently swept into the bulk by the electric field at the surface.  As a result, the SCR 
becomes less depleted (more depleted) and ࡽࡿ࡯ࡾ becomes less positive (more positive).  
Therefore, the surface potential decreases (increases), and it is this change which is observed by a 
change in the SPV and presented in the SPS spectra (57).  
Essentially, when there is no absorption by the surface states, or when the concentration of 
surface states is too low, the incident light passes through the material without significantly 
affecting the magnitude of  ࡽࡿࡿ.  This is observed with the S1 surface of the crystal and the SPV 
signal decays following the exponential dependence of the absorption coefficient of Cd(Zn)Te. 
The higher concentrations of deep centers at the S2 (or (111)B) surface of the crystal has the 
effect of increasing the SPV signal due to increased absorption at longer wavelengths of light.  
This behavior observed in Device B is consistent with the PICTS measurements as well as the I-
V measurements obtained for the same devices. 
We have observed that this asymmetric distribution of active deep centers exists at the 
opposing surfaces of oriented and non-oriented Cd(Zn)Te devices.  For the oriented samples, we 
attribute the carrier transport and recombination processes on the B-face to the presence of a 
higher concentration of deep centers possibly associated with Cd atom displacement, and not 
necessarily to a thicker tellurium oxide interfacial layer.  This conclusion is supported by a lack 




7.6 Spectroscopic Measurements of 133Barium 
From a device fabrication perspective, this difference in the active centers present at the 
surface can play a large role in the detector performance.  Indeed, leakage current within the 
planar test devices has a strong impact on the resultant gamma ray spectra.  For low electric field 
intensities, not only is the CCE poor but the signal induced at the anode of the device is too low 
to be extracted from the background noise.  With increasing electric field intensity, comes 
improved CCE, higher induced currents with shorter transit and in general better separation and 
resolution of the photo-peaks.   
For each of the devices, however, there was a critical electric field intensity such that 
incremental increases in the electric field would result in severe degradation of device 
performance i.e. contraction of the resolved spectrum and an exponential increase in electronic 
noise.  Moreover, due to the asymmetric I-V characteristics, this critical point occurred at lower 
electric field intensities for the S1 electrode than for the S2 electrode.  Or in the case of the 
oriented samples, using the (111)B surface as the cathode permitted higher operating voltages.   
This typical asymmetric behavior in the gamma response spectra of planar test devices 
exposed to 133Ba is presented in Figure 78(a).  The test device presented here was measured 
using both S1 and S2 of the planar geometry as the cathode, following the geometry presented in 
Figure 73(g) and (h). 
These spectroscopic measurements of 133Ba show three different spectra recorded for a single 
Cd(Zn)Te test device, referred to here as Device E.  Using S1 as the cathode (111)A, the 
maximum electric field which could be achieved was 1500 V/cm, whereas for S2 as the cathode 
(111)B, an electric field intensity as high has 7500 V/cm was achievable.  This result clearly 
demonstrates the large difference existing at each surface. 
The gamma response of the test device using each electrode as the cathode and applying an 
electric field of 1000 V/cm is presented in Figure 78(a) to show the gamma response of the 
device under similar operating conditions.  Even under the same electric field intensities, there is 
substantial difference between the measured spectra.   
Figure 78(b) illustrates the evolution of the 31keV and 81keV photo-peak FWHM of 133Ba 
for the Cd(Zn)Te device with increasing electric field intensity, using both S1 and S2 as the 
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Several methods have been implemented to develop a better understanding of the nature of 
asymmetries in planar Cd(Zn)Te devices.  The conclusions of this investigation are presented as 
follows: 
 
1. Correlation between the interfacial TeO2 thickness present at the Au-Cd(Zn)Te interface and 
the asymmetry of the planar test devices was not observed, using RBS and I-V measurements. 
2. PICTS measurements in conjunction with I-V measurements provide evidence that the 
asymmetric electronic properties of Cd(Zn)Te devices arise from asymmetries in the 
concentration of active deep centers present within the device. 
3. This behavior is attributed to a higher concentration of absorbing deep centers present at the 
surface, using the SPV spectroscopy technique. 
4. It has been observed that detectors which exhibit A-face and B-face orientations normally 
exhibit stronger asymmetries in the I-V characteristics than do devices which do not exhibit 
A-face and B-face orientations, and has been demonstrated through spectroscopic 
measurements. 
5. We therefore conclude that deep centers at the surface are responsible for the differences in 
device performance are consistent with reports found in literature.  Based on these results 
study of more highly asymmetric samples is of interest and will be further investigated. 
6. Finally, a new application for SPV Spectroscopy is proposed.  Specifically, we propose the 
use of SPS for the determination of the anode/cathode surfaces of Cd(Zn)Te devices.  Using 
this technique, the electrode surface which will yield lower leakage current when reverse 
biased may be determined using the methods described here.  This is a non-destructive non-









8 CONCLUSIONS AND FUTURE WORK 
The development of technology and protocol for fabrication of radiation devices based on 
Cd(Zn)Te has been investigated in this chapter.  Based on the studies which have been carried out 
used a number of radiation devices, the following conclusions summarize the results which have 
been obtained through this investigation. 
State of the art Spectrometers have been characterized in terms of the optical, electrical, and 
compositional properties.  These detectors biased at 1000V/cm, exhibited a FWHM between 1% 
and 3% for the 81keV photo-peak of 133Ba.  Moreover, CL measurements demonstrate the defect 
structure of these materials, which is substantially different than the materials grown by UAM.  
These measurements clearly demonstrate the high spectral resolution of commercially available 
devices. 
For detector preparation several new protocols have been developed in this work.  A 
diamond wire saw technology has been designed and implemented for effectively cutting 50 mm 
Cd(Zn)Te ingots. A multi-stage lapping, polishing, and chemical etching process has been 
developed in detail for preparing 50 mm Cd(Zn)Te wafer surfaces for electrode deposition with 
surface roughness less than 2nm.  CFT templates, which do not use wax, have been implemented 
for cleaning the surface of polished wafers.  A low cost photo lithographical approach has been 
implemented for fabrication of patterned electrode geometries. 
The effect of lateral surface morphology on detector performance has been studied in Section 
4, using different lapping and polishing agents.  It has been found that polishing the lateral edges 
of the planar detectors can help reduce leakage current by a factor of 200% in most cases and 
improve the performance of planar detectors through the introduction of surface traps.  These 
traps provide radiative recombination centers for surface travelling electrons.  
To explain the effects of surface treatment on device performance, two types of devices have 
been investigated using PICTS to study how their lateral surface morphology affects their 
electronic properties.  The most significant difference between LEL-9 and LEP-3 treatments has 
been observed in the appearance of a new deep level with Ea = 0.38eV, and which is attributed to 
structural defects imparted into the crystal by the lapping process. 
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The effects of crystallographic defects associated with twinning have been investigated in 
Section 6.  Wafers which exhibit twin features have been investigated in terms of their optical, 
electrical, and compositional properties.  The twin features have been investigated using IR 
microscopy, and the twinned regions of the wafer have been correlated with higher densities of 
closely spaced Te-precipitates.  Difference in the SPV spectra of the (111)A and (111)B surfaces 
is attributed to a larger concentration of deep levels associated with the (111)B face.  Work 
function measurements using KPM have shown local decreases in surface potential associated the 
twin structure. 
Several methods have been implemented to develop a better understanding of the nature of 
asymmetries in the electronic properties of Cd(Zn)Te devices.  From this work it is clear that the 
surface used as the cathode and anode determines to a large extent the performance of Cd(Zn)Te 
devices, and has been demonstrated through gamma ray spectroscopy measurements.  We have 
observed that an asymmetric distribution of deep centers exists between the (111)A and (111)B 
surfaces of Cd(Zn)Te devices.  Furthermore, we attribute the carrier transport and recombination 
processes on the B-face to the presence of a higher concentration of deep centers, and not to a 
thicker tellurium oxide interfacial layer 
In addition, these investigations have opened the doors to additional investigations which 
require further study.  Based on the CL measurements of commercial detectors, the defect 
structure of these materials illustrates a suppression of the formation of VCd.  Indeed, this is likely 
associated with the growth technique (High Pressure Bridgman) in which a high overpressure is 
used to prevent Cd loss and the formation of vacancies.  To reduce these kinds of defects, a 
method for overpressure control of Cadmium has been integrated in the design of the VGF-2 
furnace.  Further investigation of Cd over pressure control is of great interest for reducing these 
defects, as are ex-situ annealing methods. 
While surfaces treated using the LEP-3 treatment appear to be somewhat stable with time, 
increases in leakage current have been observed over a longer 8 month temporal lapse. It is of 
interest the investigation of chemical passivation mechanisms for reducing this effect. 
While the twinning in Cd(Zn)Te does appear to be related with the resistivity of the devices, 
further investigation is required to elucidate the relationship between the higher concentration of 
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second phase inclusions, the higher concentration of surface related traps at the (111)B face, and 
the differences in the surface potential of the two surface terminations.  
Surface Photo voltage Spectroscopy is proposed as a non-destructive technique for 
determining the appropriate surface for anode/cathode selection.  Further development of this 
technique at CGL is important to determine the electrode surface which will yield lower leakage 
current when reverse biased may be determined using the methods described here.  This is a non-
destructive non-contact method which may be used before or after electrode deposition.  
Moreover, we have demonstrated that very large differences in the SPV spectra can be observed 
depending on which surface is selected for measurement. 
 
8.1 Conclusiones (Español) 
De manera resumida se podría decir que se ha invertido una gran cantidad de esfuerzo en  
mejorar las capacidades de crecimiento del Laboratorio de Crecimiento de Cristales.  El proceso 
de homogeneización de fusión y la síntesis, el propio crecimiento de cada lingote, y el desarrollo 
de un modelo numérico han sido fundamentales para alcanzar una mejor comprensión de los 
mecanismos que intervienen directamente en la síntesis de materiales cristalinos. El 
comportamiento térmico del sistema Cd (Zn) Te se ha estudiado en el entorno de los 450 ° C 
midiendo la temperatura de reacción directamente.  Esta reacción de carácter exotérmico causa un 
aumento de la temperatura de varios centenares de grados, en consonancia con las predicciones. 
Los resultados del modelo numérico que ha sido desarrollado para el crecimiento de Cd (Zn) Te 
sugieren que esta etapa poli-cristal puede estar asociada con la nucleación que ocurre en la 
superficie del fundido.  Se observó que un sobrecalentamiento de 30º C Tipo-2 de la masa 
fundida fue suficiente para (i) mejorar la homogeneidad de material, (ii) impedir que la 
nucleación ocurra en la superficie del fundido, y (iii) aumentar el rendimiento global.  
 Los crisoles PBN fueron recubiertos interiormente de carbono. Los resultados indican que 
esta tecnología se puede implementar para aumentar la longevidad de crisol de PBN a través de la 
reducción de las interacciones entre crisol y fundido. Una segunda ventaja del sistema de 
revestimiento de carbono es que el método se puede volver a aplicar, así que puede ser posible 
volver a depositar otra capa de carbono después de un cierto número de ciclos de crecimiento. 
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Los detectores obtenidos a partir de los crecimientos en los que se emplearon crisoles cc-PBN 
exhiben una elevada resistividad y buena funcionalidad como detectores de rayos gamma a 
temperatura ambiente, lo que indica que la tecnología CC-PBN conserva, si no  mejora, la calidad 
del material resultante del proceso.  
Una de las ventajas del método de crecimiento de VGF es la capacidad de ajustar 
dinámicamente los gradientes de temperatura. Es importante señalar que los ajustes de 
temperatura dinámicos mantienen la calidad de los cristales en bruto, sin introducir nuevos 
defectos puntuales o niveles relacionados como se ha observado en otros lugares. De hecho, los 
efectos beneficiosos de estos ajustes del horno en la fotoconductividad y la resistividad de como 
cultivadas Cd (Zn) los cristales de Te se ha informado en la sección anterior (y también publicado  
y estos resultados se corroboran aquí.  
Para el mejor conocimiento de los autores, esta es la primera vez que se ha informado acerca 
de estos cambios dinámicos en el perfil de temperatura axial en crecimientos de Cd (Zn) Te. 
Estos gradientes de temperatura dinámicos parecen afectar a la segregación de Zn ni In. De 
hecho, hay una gran variación en las propiedades del material de un único lingote crecido por el 
método de VGF, no sólo en la composición global, sino también en las características eléctricas y 
ópticas, la distribución de las inclusiones de la segunda fase, y también de concentración y tipos 
de trampas presentes en el material. Estas características parecen estar fuertemente influenciadas 
por la segregación masiva de zinc e indio. A pesar de estas grandes diferencias en las propiedades 
eléctricas de la composición el rendimiento del dispositivo de prueba fue similar en términos de 
FWHM dispositivo.  
Se desarrolló y aplicó un modelo 2-D para la simulación del crecimiento de los cristales Cd 
(Zn) Te. Los estudios preliminares utilizando este modelo han dado penetración en la posición de 
los termopares en el interior del horno, así como el papel desempeñado por el pedestal de SiC 
durante el ciclo de crecimiento, así como la nucleación que puede ocurrir en la superficie del 
fundido. 
 Igualmente se ha invertido gran esfuerzo en los detectores basados en Cd(Zn)Te. El 
desarrollo de la tecnología y el protocolo para la fabricación de dispositivos de radiación sobre la 
base de Cd (Zn) Te ha sido investigado en este capítulo. Basándose en los estudios que han sido 
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llevados a cabo utilizando varios dispositivos de radiación, las conclusiones siguientes resumen 
los resultados que se han obtenido a través de esta investigación.  
El grado de calidad tecnológica se establece en términos de las propiedades ópticas, 
eléctricas, y de composición. Estos detectores sesgados en 1000V/cm, muestran una FWHM entre 
el 1% y 3% para el 81keV foto-pico de 133Ba. Además, las mediciones CL demostrar la 
estructura de defectos de estos materiales, que es sustancialmente diferente de los materiales 
cultivados por la UAM. Estas mediciones demuestran claramente la alta resolución espectral de 
los dispositivos comercialmente disponibles.  
En este trabajo se han seguido diversos pasos para la preparación del detector. Se ha 
empleado y optimizado el proceso de corte por hilo diamantado para el corte de lingotes de 50 
mm de Cd (Zn) Te. Se ha empleado lapeado de múltiples etapas, pulido y proceso de ataque 
químico para la preparación de obleas de Cd (Zn) Te con una rugosidad superfcial inferior a los 
2nm. Plantillas CFT, que no utilizan cera, se han aplicado para la limpieza de la superficie de las 
obleas pulidas. Se empleó fotolitografía para el diseño de los electrodos.  
El efecto de la morfología de la superficie lateral en el funcionamiento del detector ha sido 
estudiado en la Sección 4, utilizando diferentes condiciones de lapeado y agentes de pulido. Se ha 
encontrado que pulir los bordes laterales de los detectores planos puede ayudar a reducir la 
corriente de fuga en un factor de 200% en la mayoría de los casos y mejorar el rendimiento de los 
detectores planos mediante la introducción de trampas de superficie. Estas trampas proporcionan 
centros de recombinación de tipo radiativo.  
Para explicar los efectos del tratamiento superficial sobre el rendimiento del dispositivo, dos 
tipos de dispositivos se han investigado utilizando PICT para estudiar cómo la morfología de la 
superficie lateral afecta a sus propiedades electrónicas. La diferencia más significativa entre LIE-
9 y tratamientos LEP-3 se ha observado en la aparición de un nuevo nivel de profundidad con Ea 
= 0.38eV, y que se atribuye a defectos estructurales en el cristal itroducidos por el proceso de 
lapeado.  
    Los efectos de los defectos asociados con el maclado se han investigado en la Sección 6. 
Las obleas, que presentan características individuales han sido investigadas en cuanto a sus 
propiedades ópticas, eléctricas y de composición. Las características individuales se han 
investigado utilizando microscopía IR, y las regiones de macla de la oblea se han correlacionado 
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con mayores densidades de precipitados de Te débilmente separados. La diferencia en los 
espectros de la SPV de las superficies A(111) y B (111) se atribuye a una concentración mayor de 
niveles profundos asociados con la cara B(111). Los resultados obtenidos a partir de la técnica 
KPM han demostrado disminuciones locales en el valor del potencial de la superficie asociados a 
la estructura doble.  
Varios métodos han sido implementados para desarrollar una mejor comprensión de la 
naturaleza de las asimetrías en las propiedades electrónicas de los dispositivos de Cd (Zn) Te. A 
partir de este trabajo, es evidente que la superficie utilizada como el cátodo y el ánodo determina 
en gran medida el rendimiento de los dispositivos de Cd (Zn) Te, y se ha demostrado a través de 
mediciones de espectroscopia de rayos gamma. Hemos observado que una distribución asimétrica 
de los centros de profundidad existe entre las superficies A(111) y B(111) de los dispositivos de 
Cd (Zn) Te . Además, se atribuyen el transporte portador y procesos de recombinación en la cara 
B a la presencia de una mayor concentración de centros profundos, y no a una gruesa capa de 
óxido de teluro interfacial  
Además, estas investigaciones conducen a investigaciones adicionales que requerirían un 
mayor estudio. Basándose en las mediciones de CL de detectores comerciales, la estructura de 
defectos de estos materiales ilustra una supresión de la formación de VCD. En efecto, esto 
probablemente se asocie con la técnica de crecimiento (Bridgman de alta presión) en el que se usa 
una sobrepresión elevada para evitar la pérdida de Cd y la formación de vacantes. Para reducir 
este tipo de defectos, un método para el control de sobrepresión de cadmio se ha integrado en el 
diseño del horno de VGF-2. La investigación adicional de CD a través de control de la presión es 
de gran interés para la reducción de estos defectos, así como ex-situ los métodos de recocido.  
Mientras que las superficies tratadas con el tratamiento LEP-3 parecen ser estables en el 
tiempo, el aumento de la corriente de fuga se han observado durante un largo lapso de 8 meses. 
Es de interés la investigación de los mecanismos de pasivación químicos para reducir este efecto.  
Mientras que el maclado en Cd (Zn) Te parece estar relacionado con la resistividad de los 
dispositivos, se requiere una mayor investigación para dilucidar la relación entre la concentración 
más alta de inclusiones de segunda fase, la mayor concentración de trampas relacionadas con la 




La Espectroscopía de Fotovoltaje Superficial se propone como una técnica no destructiva, 
útil en la determinación de la superficie apropiada para ánodo / cátodo. Un mayor desarrollo de 
esta técnica en el CGL es importante para determinar la clase de superficie sobre la que se 
deposite el electrodo. Es un método no destructivo, de no contacto, que se puede utilizar antes o 
después de la deposición del electrodo. Además, hemos demostrado que se pueden observar 
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During the course of this thesis, the elaboration of a fairly sophisticated 30kW furnace 
for the growth of polycrystalline Si for was also developed.  The design of the furnace was 
carried out to support efforts to increase the efficiency and crystalline quality of Si for 
photovoltaic applications. 
Presented below in Figure 2 is a general cross section of the HEM/DSS system.   The 
HEM/DSS system functionality was derived principally from the ability to have two linear 
translation systems incorporated into a single furnace.  The first linear actuation system 
provided the capability to translate the lateral insulation in the vertical direction.     
The HEM/DSS system consists of a stainless steel 316 double walled chamber, which 
provides the capability for integrated water-cooling of the chamber walls.  The graphite 
hot-zone and insulating elements are contained within the chamber, while an external 
vacuum pumping station and gas purging system are used for controlling the overpressure 
within the chamber walls.  A mezzanine support structure has been designed to not only 
support the substantial weight of the furnace and transformer elements, but to also provide 
access to the various components for service and maintenance.  Presented in Figure 1 is a 
rendering of the final system design for the HEM/DSS furnace which has been developed 
in this thesis, illustrating the aforementioned key design elements.   
The system is divided into several sub-systems for discussion.  These sub-systems 
include (a) the LMS drive subsystem (or linear actuation sub-system 1) (b) water-cooled 
electrodes (c) the mezzanine structure (d) the hot-zone furnace elements (e) the crucible 
and crucible positioning elements (f) chamber open/close mechanism (or linear actuation 
sub-system 2) and (g) the vacuum pumping station. 
1.2 Objectives of Investigation 
The objectives of this research have been the development of a furnace which 
incorporates both the Heat Exchange Method (HEM) and Directional Solidification (DSS) 
functionalities.  Some of the challenges associated with this undertaking include the design 
of a 30kW furnace with water cooled electrodes, selecting a system for gas and over 
pressure regulation and control, as well as the general chamber design and integration of 
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actually part of a larger sub-assembly (see Figure 10) which is lowered as an assembled 
sub-system into the chamber section 2.  Finally, the chamber is closed from the bottom 
against chamber sections 4 and 5 using the linear drive system presented in Figure 11.  For 
simplicity, the top three sections of the furnace chamber are presented in Figure 9.    
The top plate, referred to as chamber section 1 (a) is a water cooled plate which 
provides vacuum ports for thermocouple and pyrometer access for measurement of the 
temperature as well as for the gas input and measurements of growth velocity.  This plate is 
fastened to chamber section 2 (b) which is also a double-walled stainless steel shell, with 
appropriate vacuum seals in place.  The vacuum ports on the chamber section 2 (c) support 
the weight of the LMS, and also provides the possibility for incorporation of top hanging 
electrodes to support a furnace element above the crucible. The structure (d) has been 
designed for vertical mounting of linear drive devices (see Figure 10).  Chamber section 2 
(b) seals to chamber section 3 (e) via an O-ring seal.  The weight of Chamber section 3 and 
its related elements are supported by the stainless steel braces (f) which are bolted directly 
to the mezzanine structure (see Figure 15).  Chamber section 3 was designed as a double 
walled chamber with integral water cooling.  The vacuum pass-through ports for the 
electrodes (g) and for the pyrometers (h) have their own distinct water cooling circuits.  
Two vacuum ports (j) have been included in the design to provide more symmetric gas flow 
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Table 1  Properties of Graphite Components used for the furnace heating element, insulation components, and the heat exchange block for vendors 1, 2, and 3. 
GRAPHITE FOR HEATER 














1 2020 1,77 85 4,3 15,5 15 9 
2 CZ3 R6300 1,73 65 3,8 17 20 15 
3 FU 8957 1,75 90 4,6 14 15 16 
        
THERMALLY CONDUCTIVE GRAPHITE 















1 2020 1,77 85 4,3 99 15 9 
2 CZ5 R6510 1,83 90 5,1 125 10 10 
3 FU 2590 1,88 110 5,2 110 10 10 
        
INSULATING GRAPHITE 


















0,15 0,47 3 0,8 < 0,1 91 
CBCF-18-
2000 
0,18 0,63 3 1,1 < 0,1 89 
2 MFA 0,2 0,45 ─ 1 < 1,0 ─ 
RFA 0,2 0,50 ─ 1 < 1,0 ─ 
GFA-10 ─ 0,56 ─ ─ ─ ─ 
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can lift up to 480kg and 630kg respectively, which is more than sufficient lift given the 
application.  The required lift was calculated taking into account material densities and volumes 
within the 3D model. 
 
Equation 1 ࢀ࢕࢛࢘ࢗࢋ =  ࡲ (ࡺ)∙૚૙∙(ࡿࢉ࢘ࢋ࢝ ࡸࢋࢇࢊ ࢏࢔ ࢓࢓)૛૙૙૙∙࣊∙૙.ૡ  
 
The LMS (g) is coupled to the pressure distribution plate (a) via three molybdenum/graphite 
composite rods (not shown) which pass through a sophisticated vacuum bellows manifold sealed 
from possible air leaks by a stainless steel welded bellows (f).  Capacitance pressure sensors and 
a thermocouple feed-through are mounted to the chamber wall (d) for measurement of chamber 
pressure and temperature near the crucible wall.  Type R thermocouples were used in the design 
of this furnace, which can measure temperatures as high as 1760oC.  A KELLER PA40 2-
COLOR pyrometer was located on top of the gas port for measurement of the surface 
temperature of the molten Si.  This pyrometer has a dynamic range of measurement between 600 
and 1700oC.  
A mass flow controller controls the delivery of argon and helium at appropriate stages of the 
growth process through the opening in the center of the top chamber wall (c).  An external 
pyrometer (b) has also been integrated into the design, taking into account the focal distances, to 
provide the capability to measure the surface of the molten Si during the growth cycle.   
1.5 Sub-system-Chamber Section 
The HEM/DSS system was designed taking into account the difficulties with positioning the 
crucible within the furnace hot zone.  As such, a bottom-loading capability was introduced in 
order to eliminate the necessity for overhead cranes or gantries which are necessary for lowering 
the crucible into the hot-zone from the top.  In order to load the crucible from the bottom 
chamber, opening and closing functionality was required.  Furthermore, independent of the 
chamber opening and closing functionality, precise positioning of the crucible within the hot-
zone was required for both DSS & HEM modalities.  Finally, linear translation of the bottom 
insulation was required for achieving the HEM modality.  In total, three linear translation 
systems were designed for (1) opening and closing of the chamber (2) positioning of the crucible 
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